Analysis of microbial community structure and function in a karstic aquifer / by Rusterholtz, Karl Jon
University of Massachusetts Amherst 
ScholarWorks@UMass Amherst 
Masters Theses 1911 - February 2014 
1992 
Analysis of microbial community structure and function in a 
karstic aquifer / 
Karl Jon Rusterholtz 
University of Massachusetts Amherst 
Follow this and additional works at: https://scholarworks.umass.edu/theses 
Rusterholtz, Karl Jon, "Analysis of microbial community structure and function in a karstic aquifer /" 
(1992). Masters Theses 1911 - February 2014. 3435. 
Retrieved from https://scholarworks.umass.edu/theses/3435 
This thesis is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for 
inclusion in Masters Theses 1911 - February 2014 by an authorized administrator of ScholarWorks@UMass 
Amherst. For more information, please contact scholarworks@library.umass.edu. 

ANALYSIS OF MICROBIAL COMMUNITY STRUCTURE AND FUNCTION 
IN A KARSTIC AQUIFER 
A Thesis Presented 
by 
KARL JON RUSTERHOLTZ 
Submitted to the Graduate School of the 
University of Massachusetts in partial fulfillment 
of the requirements for the degree of 
MASTER OF SCIENCE 
February 1992 
Department of Plant and Soil Sciences 
© Copyright by Karl Jon Rusteroltz 1992 
All Rights Reserved 
ANALYSIS OF MICROBIAL COMMUNITY STRUCTURE AND FUNCTION 
IN A KARSTIC AQUIFER 
A Thesis Presented 
by 
KARL JON RUSTERHOLTZ 
Approved as to style and content by: 
Steve Goodwin, Member 
Lyle E. Craker Department He^ 
Department of Plant and Soil Sciences 
ACKNOWLEDGEMENTS 
I would like to thank my committee for guidance and support. This is not just an 
obligatory "thank you". Each member contributed significantly towards the completion of 
this thesis. I thank Dr. Steve Goodwin from the Microbiology Department for his insight 
and genuine concern that I get the most out of this thesis. I also thank Dr. Goodwin for the 
use of his lab; without it, a project of this size would not have been possible. I thank Dr. 
Steve Simkins for his encouragement, attention to detail, and many late evenings waxing 
philosophic. Most of all, I am extremely grateful to Dr. Larry Mallory, ^s an 
undergraduate and then graduate student at Memphis State University, he planted a seed of 
confidence in me which he has yet to stop nurturing. In addition to his concern for me as a 
student, he has given me emotional support, much as a big brother would. Without his 
guidance and encouragement I could never have started or completed this degree. 
I would also like to thank Dr. Lynn Margulis for allowing me to work in her lab, 
providing emotional, financial, and technical support. Lynn has, more than anyone, given 
me an extra boost of energy when I really needed it. I also thank her for allowing me to 
complete much of my research in her lab when it became obvious that many of the facilities 
in my own department would remain inadequate or completely lacking. 
I am grateful to the many professors in the Microbiology Department who helped 
and encouraged me. And to Betsy Harris, an endless source of useful information (and 
bugs!), I owe many thanks. 
I would also like to thank the Cave Research Foundation and the National Park 
Service for their assistance. For financial support, I thank the National Speleological 
Society, the Lotta M. Crabtree Trust Committee for my fellowship, and the Department of 
Plant and Soil Sciences. 
IV 
In addition to the deep appreciation I feel towards the graduate students in Botany, 
Microbiology, and Plant and Soil Sciences, a special "thank you" goes to Mary 
Rothermich, my sole partner-in-crime in the Department I also thank my many friends for 
their letters and words of encouragement as well as reality-checks. I especially thank 
Becky Williamson, whose timing with hilarious letters was impeccable. 
And finally, my family. I will always be thankful for their support, both financial 
and emotional. Their encouragement, understanding, prayers, and words of wisdom 
helped me through the difficult times. When in doubt, I SWAGed it. 
V 
ABSTRACT 
ANALYSIS OF MICROBIAL COMMUNITY STRUCTURE AND FUNCTION 
IN A KARSTIC AQUIFER 
FEBRUARY 1992 
KARL JON RUSTERHOLTZ, B.S., MEMPHIS STATE UNIVERSITY 
M.S., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor Lawrence M. Mallory 
The purpose of this study was to describe the density, diversity, and activity of 
bacteria indigenous to a karstic aquifer. The specific objectives were to: 1) determine the 
density of microbial cells using both direct and viable cell counting techniques, 2) 
determine the in situ respiratory activity of the indigenous microbes, 3) determine the 
bacterial community structure of the indigenous populations, and 4) compare communities 
indigenous to two similar sites. Two sample sites were established in Mammoth Cave 
National Park, Mammoth Cave, KY. Both sample sites were located 100 m below the 
surface and consisted of saturated fine to coarse sand in pooled water. Samples were taken 
aseptically using modified sterile 60-cc syringes. Total cell and total respiring cell densities 
were determined using an acridine orange/p-iodonitrotetrazolium violet (AO/INT) staining 
procedure. Cells in selected cores were stained with INT and incubated in the cave for four 
hours prior to fixing with glutaraldehyde and transporting to the laboratory. Cells were 
stained with AO in the laboratory. Low- and high-nutrient media were used to determine 
viable cell counts. Plates were incubated in the cave for 1 day prior to transportation to the 
lab in an insulated cooler. A total of 247 bacterial strains (237 ground water isolates plus 
10 reference strains) were examined for 117 morphological, biochemical, and physiological 
characteristics. Results were coded in a binary fashion and analyzed using numerical 
taxonomic techniques. Similarity values were calculated using a simple matching 
coefficient with a Jaccard coefficient used to control for clusters formed solely due to 
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negative matching. Clusters were defined at the 80-85% similarity level using the weighted 
pair-group mathematical average algorithim. Bacterial cell densities were in the range of 
10^ to 10*7 cells per wet gram of sediment. Both sites showed similar densities and 
proportions of actively respiring cells. The proportion of the bacterial community actively 
respiring is higher than previously reported with greater than fifty percent of the bacterial 
cells actively respiring. Three groups clustered with reference strains Bacillus megaterium 
at 86.6% similarity, Staphylococcus aureus at 85.2% similarity and Flavobacterium sp. 
strain S12 at 85.0% similarity; all (Ssm). Though twelve aquifer isolates clustered with 
Bacillus megaterium, no isolates clustered with the B. cereus reference strain. Other 
presumptively identified genera include, Arthrobacter, Brevibacterium, Bacillus, 
Corynebacterium, Actinomyces, Aureobacterium, Chromobacterium, and Mycobacterium. 
Pseudomonads were not recovered. Recovery of isolates, presumptively identified as 
Staphylococcus aureus and Mycobacterium sp., is significant and suggests the need for 
determining the factors which allow the occurrence and survival of human pathogens in 
ground water. Thirty percent of the clustered OTUs are irregular, nonsporing. Gram¬ 
positive rods; fifty percent of the clustered OTUs were unidentifiable. The bacterial 
communities show site variation and isolation medium has a strong influence on the strains 
recovered. The bacterial community in the karstic aquifer sediments sampled exhibit a high 
degree of diversity with no dominant strains. 
• • 
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CHAPTER I 
INTRODUCTION 
The microbiology of the terrestrial subsurface, until recently, was only vaguely 
understood. The term terrestrial subsurface is a broad one. Environments which occur 
beneath true soil zones of the earth's crust may be considered part of the terrestrial 
subsurface (50). Subsurface environments may occur in unsaturated zones above the water 
table and in saturated zones called aquifers. Ground water occurring in aquifers supplies 
roughly 50 percent of the drinking water in the United States (110). Seventy-five percent 
of all U. S. cities and virtually all rural populations use ground water as a drinking water 
source (110). In 1950, 34 million gallons per day of ground water were used. This 
volume grew to 89 billion per day in 1980. It is estimated that the total volume of ground 
water in the United States ranges between 33 to 100 quadrillion gallons. Should the 
estimations be accurate, ground water constitutes greater than 95 percent of all the 
freshwater reserves in the country (110). 
Current waste disposal practices, including waste water treatment by septic tanks, 
nonhazardous and hazardous waste landfills, deep-well injections of industrial wastes, and 
the increased use of agricultural chemicals, have the potential to influence ground water 
quality. In 1986, the United States Environmental Protection Agency (USEPA) initiated 
studies of subsurface biological processes as part of its ground water protection research 
program (79). In addition to studies by the USEPA, other studies have been carried out by 
the United States Geological Survey (19) and the US Department of Energy (7, 47, 82, 
101, 117). Many other countries are also concerned with the threat of ground water 
pollution. The Federal Ministry of the Interior in Germany has sponsored many subsurface 
microbiology studies (60, 87, 88) and the Institute for Geological Sciences, Wallingford 
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and the Water Research Center, Medmanham in England have also investigated ground 
water pollution (42). Studies have shown that bacterial populations indigenous to the 
terrestrial subsurface and ground water systems are capable of degrading a variety of 
anthropogenic chemicals which have been found in ground water (17, 45, 138). 
Organisms specifically adapted to the oligotrophic conditions typical of subsurface 
environments may have biodegradative abilities (17). Microbial diversity and 
heterogeneity, though spatially variable, increases the likelihood that a bacterial community 
can metabolize a variety of contaminants introduced into ground water. 
History of Subsurface MicrobiologY 
In addition to the difficulty in obtaining a representative subsurface sample, the 
false belief that the terrestrial subsurface was void of life led most scientists away from its 
study. Why? Early soil microbiology studies indicated that as depth increased, the number 
of microbes decreased (138). It was also believed that the soil mantle served to purify and 
protect ground water (138). And, because the concentration of organic materials is 
typically around 1 mg/1, microbiologists reasoned that the concentration of organic nutrients 
was too low to support life (138). However, there were also studies which indicated that 
bacteria could be found in deep formations associated with petroleum and sulfur deposits 
(29,76). Studies of caves in the 1960's and 1970's also suggested the existence of 
microorganisms in the terrestrial subsurface (11,18, 54, 55). Though these early studies 
are important in that they demonstrate the existence of subsurface microorganisms, their 
results are questionable because of methodology. Samples in these studies typically relied 
on cultural methods using media rich in organic carbon. Because low organic carbon 
concentrations are typical of terrestrial subsurface environments, microorganisms are 
expected to be adapted to nutrient-poor, or oligotrophic, conditions (8, 106, 138). Bacteria 
capable of growth under such conditions have been termed "oligotrophic" bacteria (83). 
Because high-nutrient cultural conditions may be mhibitory to the growth of bacteria 
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adapted to oligotrophic conditions, the early studies of subsurface microorganisms using 
only high-nutrient media overlooked those organisms specifically adapted to and requiring 
oligotrophic conditions. 
In 1977, Mallory et al. pointed out that organisms which require prolonged 
incubation periods and low-nutrient conditions were often overlooked (83). In their study 
of oligotrophic bacteria isolated from an estuarine environment, slow-growing oligotrophic 
bacteria were found to constitute a significant proportion of the microbial population in 
Chesapeake Bay water and sediment (83). Since then, many studies have investigated 
specifically oligotrophic bacteria isolated from various environments (2, 33, 50, 64,74, 
92,128,134). Many of these studies’also lengthened the incubation time for determining 
viable cell counts. Numerous studies have shown that the concentration of nutrients in the 
isolation medium has a significant effect on the numbers, diversity, and characteristics of 
the bacterial populations isolated from natural environments (8, 51, 64, 83, 84). While it 
might be expected that bacteria isolated from low-nutrient environments would be able to 
grow only under greatly restricted conditions, this is not necessarily the case. Bacteria 
isolated on low-nutrient media are extremely versatile and less nutritionally fastidious than 
those isolated on high-nutrient media (64). 
Organic Constituents of Ground Water 
In general, microbial communities in aquifers obtain energy from secondary organic 
materials which are produced in the surface environment and are then transported into the 
aquifer by infiltrating water (52). Typically, dissolved organic carbon concentrations in 
ground water are low (0.1-10 mg/1). The amount and type of organic material will 
influence the nucrobial community composition. Surface soil composition, the time 
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recharge water takes to reach the aquifer, and the biological activity in the recharge area are 
some of the most important factors which determine the types and amounts of organic 
material reaching the subsurface zone (52). Fredrickson, et al, suggest that the 
composition of dissolved organic carbon (DOC) is a better indicator of population size and 
activity than total DOC (46). Soluble organic compounds present in ground water are 
generally humic substances, napthenic acids, and phenolic compounds derived from either 
the organic matter in sedimentary rocks or lignin degradation products from plant residues 
in surface soil (48, 86, 91). 
Inorganic Constituents of Ground Water 
The concentrations of the major, minor, and trace inorganic constituents in ground 
water are controlled by the availability of the elements in the soil and rock through which 
the water has passed (48). Factors such as solubility and adsorption, as well as the rates of 
geochemical processes, will also play an important role in controlling the concentrations of 
the inorganic constituents. As water infiltrates through the soil and geologic formations, it 
comes in contact with various minerals. The sequence in which the water comes in contact 
with these minerals will also affect the concentrations of inorganic solutes (48). Generally, 
the major (> 5 mg/1) inorganic constituents in ground water include bicarbonate, calcium, 
chloride, magnesium, silicate,and sulfate. The total concentration of these major ions 
normally constitutes more than 90 percent of the dissolved solids in ground water, 
regardless of whether the water is dilute or has a salinity greater than seawater (29). Minor 
(0.01-10.0 mg/1) constituents include boron, carbonate, fluoride, iron, nitrate, potassium, 
and strontium (48). Trace constituents (< 0.1 mg/1) include, among many others, 
aluminum, cadmium, cobalt, copper, selenium, silver, and zinc (48). 
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Nutritional Considerations of Ground Water 
Suitable nutritional conditions are necessary for the presence of microorganisms. 
Except in the case of chemolithotrophs, organic material, even at very low levels, is 
mandatory. Nitrogen and/or phosphorous may be limiting factors, especially when 
dissolved organic carbon concentrations are high. Sulfur and other mineral nutrient 
limitations are unlikely (52). When aquifers become polluted or contaminated with 
increasing levels of utilizable carbon, the availability of electron acceptors may also become 
limiting. 
pH. Redox Potential. Dissolved Oxvyen. Temperature 
Other environmental effects which should be considered in the study of ground 
water include pH, redox (reduction-oxidation) potential, temperature, and dissolved 
oxygen. However, given the physiological flexibility of microbes, these factors are not 
likely to limit microbial activity. In carbonate terrain, the pH of natural ground water is 
almost invariably between 7.0 and 8.0 (48). Bulk pH of ground water may differ 
markedly from the pH of microenvironments where bacteria attach to particles and live 
(38). Redox conditions are important, especially for predicting biotransformations in 
ground water zones (52). Few ground water studies have measured redox potential or 
oxygen concentrations. This may be due, in part, to methodological problems (91). 
Generally detectable levels of dissolved oxygen are to be expected in ground waters 
occurring in sandy or gravelly soils or cavernous limestones, while those in silty or clayey 
soils are less likely to contain detectable dissolved oxygen (48). In sandy or gravelly 
aquifers, the presence of dissolved oxygen may be partially attributed to low concentrations 
of organic matter and water infiltration rates. Solubility of oxygen in water at 9^ C and 5° 
C is 9 mg/1 and 11 mg/1, respectively. Under reducing conditions, NOs’, Mn02, Fe(OH)3, 
SO42-, HCO3-, and N2 may serve as electron acceptors. Seasonal variations in surface 
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temperatures will affect only the top 10 m of the subsurface profile. As a general rule, at 
10-20 m depth, the subsurface temperature remains fairly constant and corresponds to the 
mean annual air temperature of the region (76, 86). Many aquifers have relatively low 
ambient temperatures in the range of 5-15° C (6). 
Subsurface Matrix 
As in soil, microorganisms inhabit pore spaces of the terrestrial subsurface matrix. 
The texture, permeability, and porosity of the subsurface material play important roles in 
determining which microorganisms are present. Except in materials with no fractures or 
clayey soils with extremely low permeability, microorganisms may be found in virtually all 
unconsolidated, porous subsurface materials (12,46). In their study of subsurface 
bacteria at the Savannah River Plant, Fredrickson et al. found clay content to be the most 
useful parameter for predicting the presence of heterotrophic and sulfur-oxidizing bacteria, 
with clay content inversely proportional to bacterial density (46). However, clayey 
aquitard sediments do harbor microorganisms (34,46, 50). Fredrickson et al. suggest low 
populations of bacteria in high clay content samples are also likely due to decreased 
hydraulic conductivity and low pH (46). Within their sediment profile at a site in 
Oklahoma, Beloin et al. found higher and more stable biomass and activity values were 
contained in very permeable gravelly loamy sand layer at approximately 7.5 m depth (12). 
Soil textural type (percent sand, silt, and clay) will also influence types of microbial 
populations present (3,35). Closely related to soil textural type in determining the 
presence of microorganisms in the subsurface strata is the availability of pore spaces large 
enough for microbial cells (3, 52). As a general guide, openings in the range of 0.1 to 1.0 
pm will accommodate bacteria; openings in the 1 to 10 pm range will be required for 
eukaryotic microorganisms (52). Using these measurements as a general rule, bacteria, 
algae, protozoa, and fungi may all be found in subsurface formations. Sinclair and 
Ghiorse described the abundance, distribution, and diversity of heterotrophic bacteria. 
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algae, protozoa, and fungi in subsurface sediment profiles to depths of 210-260 m at three 
locations at the Department of Energy's Savannah River Plant in South Carolina (117). 
Larger organisms will be excluded from most subsurface formations except for gravelly 
and cavernous aquifers; however, microorganisms will be the dominant forms of life 
present (52). 
For various reasons, surfaces in oligotrophic environments should provide an 
advantage to attached bacteria (63). Microbial activity is affected by nutrient availability. 
The increased surface area of subsurface sediments influences nutrient availability which, 
in turn, affects microbial activity. Bacterial densities may be greater in pore water than on 
surfaces should the pore water become enriched in nutrients (14). In a sandy aquifer, 
greater than 90 percent of the bacterial cells may be attached to particles in zones where 
organic pollutant concentrations are low; while less than 60 percent of the bacterial cells 
may be attached in polluted zones (52). Other possible effects of surfaces include 
stimulation or depression of overall metabolic activity, enhancement of dormancy and 
survival, and protection from environmental stresses (52). 
Microbial Densities in Ground Water 
Numerous studies have determined the densities of microorganisms in samples 
from subsurface environments (7, 8, 9, 12, 15, 50, 61, 73, 85, 101, 117, 127, 131, 133, 
138). These studies show that bacterial cell densities in saturated subsurface sediments are 
generally in the range of 10^ to 10^ cells per wet or dry gram. While bacteria are not the 
only microflora present in subsurface sediments, they are the numerically predominant 
organisms (6, 52). 
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There are a number of methods which may be used to determine bacterial densities 
in subsurface environments; however, microscopic observation and cultural methods are 
most often employed. Balkwill and Ghiorse attribute the high numbers (approx. 10^ to lO'^ 
cells g'Hdry wt]) of bacteria they detected to their use of microscopic methods, using an 
acridine orange staining technique, and cultural conditions employing high- and low- 
nutrient media for enumerating and characterizing the subsurface microflora (8). An 
obstacle in microscopic observation of subsurface samples is the presence of numerous 
particles, many of which are bacteria-sized (approx. 1.0 p.m). Because of the difficulty in 
distinguishing bacterial cells from sediment particles, direct observation and counting of 
bacteria from subsurface samples using an acridine orange (AO) staining procedure is often 
used (8, 9, 12, 15, 50, 61, 85, 117, 127, 131, 133, 138). Acridine orange is a 
fluorochrome which binds to DNA and RNA to indicate the presence of a bacterial cell. 
Use of an epifluorescent microscope allows observation of green-fluorescing bacterial cells 
(50,138). Another stain used in direct counting of bacteria in environmental samples is 4', 
6-diamididino-2-phenylindole (DAPI). DAPI has been used to enumerate bacteria in 
aquatic samples (20), but its use has not been reported in subsurface or ground water 
samples. The use of image analysis in microbial ecology has great potential. Video- 
enhanced microscopy combined with image analysis, a silicon-intensified target camera, 
and a epifluorescence microscope can determine bacterial direct counts, dimensions, 
biovolume, and biomass (28); however, the cost of setting up such a system is often 
prohibitive for most laboratories. Basic image analysis, combined with epifluorescence 
microscopy, has been used to determine total cell and total viable ceU densities of clinical 
isolates (118); however, no studies have been reported which use image analysis to 
observe and count bacterial cells in ground water samples. 
The Most Probable Number (MPN) method has been used to determine the density 
of particular types of organisms in ground water, such as methanogens, sulfate-reducing 
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bacteria, nitrifiers, and sulfur-oxidizing bacteria (43,46, 68). As determined by the MPN 
method, the densities of sulfate-reducing bacteria may exceed 10^ cells per gram; nitrifiers, 
10 cells per gram; sulfur-oxidizers, 30 cells per gram (43,46, 68). A fluorescent antibody 
technique has also been used to investigate particular types of organisms (13,40,125), but 
the use of the technique with ground water samples has not been reported. A new 
approach to monitoring specific microbial populations involves the use of gene probes. 
Gene probe technology may be a reliable way of detecting genetically defined microbial 
populations in environmental samples (62,100,113,114,123). Steffan et ai, in a study 
monitoring specific microbial populations in fireshwater ecosystems using four gene probe 
methods, determined that none of the detection methods used alone is ideal for monitoring 
specific organisms in environmental samples (123). Of the four gene probe methods used, 
the DNA extraction - dot blot hybridization procedure has an advantage over the other 
methods because it does not require the culturing of target organisms (123). Specific DNA 
probes are likely to offer a conservative measure of an organism's or community's ability 
degrade degrade xenobiotics (45). The use of gene probe technology in monitoring 
specific microbial populations, especially those capable of degrading xenobiotics in the 
subsurface environment, has not been reported in the literature. This may be due to 
difficulty in sampling procedures and extraction methods. 
Many investigations have looked at 'microorganisms' or 'microbial' aspects of the 
ground water, however, a vast majority of these are actually looking at the bacterial 
component. It should be noted that protozoa, algae, and fungi may be found in the 
subsurface (26, 117). 
Microbial Biomass in Ground Water 
Biomass is an important ecological parameter because it measures the quantity of 
energy being stored in a particular segment of the biological community (5). Chemical 
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measurements of microbial cell components as estimates of biomass are indirect, but may 
be more sensitive than cell counts (51). In their review of methods for measuring microbial 
biomass in soils, Jenkinson and Ladd (67) state that no measurement of components of the 
microbiota fulfills the criteria of (1) presence in all parts of the soil in the same 
concentration per cell at all times, (2) presence in living but not dead cells or nonliving parts 
of cells, (3) availability of methods for quantitative extraction, and (4) availability of 
methods for determination in soil extracts. Nannipieri (95) suggests that measurement of 
microbial biomass using methods based on cellular components (ie, muramic acid, nucleic 
acids, ATP, etc.) provides unreliable estimates. However, many studies have estimated the 
microbial biomass of subsurface soils by measuring cellular components (9, 35, 36, 51, 
119,135). In their study of sandy clay subsurface sediments, Balkwill et al (9) report 
measurements which give reliable estimates of cellular biomass as compared to the direct 
count, and fulfill the requirements of Jenkinson and Ladd (67). The estimates of microbial 
biomass were based on the membrane polar lipids estimated as the total fatty acids, the lipid 
phosphate, the lipid glycerol phosphate, the content of the lipopolysaccharide lipid A- 
hydoxy fatty acid methyl esters (LPS-OHFAME), the content of muramic acid, and the 
content of ATP. The advantage of biomass determinations based on the assay of 
biochemical components is that it does not require recovery of the organisms from the 
subsurface and can provide insight into the community structure and nutritional status of 
the microbial consortia (9).. Biomass in subsurface sediments is generally lower than in 
surface soils. 
The methods of estimating biomass using chemical measurements all have the 
problem that concentrations must be multiplied by a varying conversion factor (81). For 
example, the ratio of ATP to carbon may vary from 43 to 9500, but a standard factor of 
250 is used (70). This wide variation in ATP to carbon ratio is due to the rapid turnover 
rate of ATP in microbial cells, which may cause wide fluctuations in the amount of ATP 
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per cell (70). A standard conversion factor for muramic acid to biomass cannot be used 
because Gram-positive bacteria contain more muramic acid than do Gram-negative bacteria 
(81). In their study of subsurface microbial ecology, Federle, et al. found biomass, 
expressed as phospholipid per gram dry weight, was extremely variable according to depth 
and soil type. The average concentration of phospholipid (nmoles/g dry wt) ranged from 
0.0005 to 4.31 (36). In their investigation of indigenous subsurface microorganisms at a 
site in Oklahoma, Ghiorse and Balkwill measured approximately 1 |ig of muramic acid per 
gram dry weight of sediment (51). Comparing this value to published values for muramic 
acid content of bacterial cells, the authors predict that 10 to 100 times as many cells were 
present as were counted by epifluorescence microscopy and plate counts (51). Such a large 
discrepancy led the authors to suggest that measurements of muramic acid in subsurface 
bacterial isolates be used as standards (51). 
Metabolic Activities of Microorganisms in Ground Water 
Metabolic activity is a vague term used to describe transformations of matter, 
energy, or both (71). As opposed to physiological potential, which is generally measured 
in vitro, metabolic activity is a more direct measure of the total rate of energy 
transformation occurring under in situ conditions. 
Many studies have investigated microbial activities in subsurface environments (12, 
35, 36, 43, 51, 73, 82, 85, 101, 102, 117, 119, 127, 131, 132, 138, 68); however, 
metabolic activity is determined using many different methods. Some studies of the 
subsurface microbial community have used viable cell plate counts as a measure of potential 
metabolic activity (12, 51,73, 85,117,131,138). Metabolic activity has also been 
measured as the number of cells capable of electron transport activity (12, 85, 117), as the 
ability to incorporate tritiated thymidine into DNA (101,102,127), as the incorporation of 
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other radiolabeled substrates into cellular material (82,101, 102, 119, 131, 132), the 
enzymatic hydrolysis of fluorescein diacetate (35), and the ability to degrade various 
organic compounds (12,68,73, 132,138). A number of studies have looked at the 
subsurface potential for anaerobic activity by measuring denitrification (43), 
methanogenesis (68, 82) and sulfate reduction (68, 82). Other than the studies measuring 
electron transport activity, aU investigations relied on the ability of subsurface 
microorganisms to utilize a particular substrate (or substrates) in vitro; therefore, potential 
metabolic activities have been measured and not the actual in situ activities. 
Ventullo and Larson (131) showed that the reduced activity of ground- versus 
surface water microbial populations was related to low total density of active bacteria in 
ground water and not to differences in activity per cell. Beloin et al. found that differences 
between viable and total cell counts were related to soil texture, but the correlation was not 
always consistent (12). This suggests that envuonmental factors other than soil texture are 
important in determining microbial activity. Generally, clayey soils have low viable/total 
cell count ratios (12,46), suggesting metabolic activity is lower in clayey soils. 
Most pristine drinking-water aquifers contain significant amounts of oxygen (52). 
Therefore, aerobic bacteria are expected to be dominant over anaerobic bacteria, except 
where high organic carbon concentrations prevail leading to anaerobiosis. Phelps et al. 
were able to demonstrate aerobic and anaerobic mineralization of acetate and glucose from 
all depths tested down to 261 meters at Savannah River Plant (101). The evolution of 
radiolabeled methane was not detected. These findings, along with the pore water analysis, 
suggest that the subsurface sediments tested were oxic or "microaerobic" and that 
methanogenesis is not a significant metabolic process in these sediments (101). 
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Microautoradiographic methods may be used to determine the capacity of organisms 
to assimilate particular substrates (89,126), but the complex procedures involved make 
them impractical in microbiological studies of ground water. 
Types of Procaryotes in Ground Water 
A review of the literature suggests that the types of bacteria found in groundwater 
are similar to the types of bacteria found in surface soils, such as actinomycetes, 
Arthrobacter spp., coryneform bacteria, nocardioform bacteria. Bacillus spp., and 
Pseudomonas spp. (3, 8,52). However, there is a bias towards finding and describing 
bacteria commonly found in soil due to cultural techniques used and the complicated nature 
of taxonomy. It is suggested that a majority of the bacteria in ground water are unique to 
ground water. 
Jones et al. were able to detect coliforms in deep subsurface sediments (68). 
Because the coliforms could grow at 25° and 37° C and not 45° C, and no fecal 
streptococci were found, the authors suggest that the coliforms were autochthonous and 
possibly a normal part of the subsurface microflora (68). In their investigation of anaerobic 
metabolic processes of the deep subsurface at the Savannah River Plant, Jones et al. (68) 
found viable methanogens and sulfate-reducing bacteria present in almost all depth profiles 
(to depths of 300 m). Sulfate-reducing bacteria ranged in numbers from <l/gram sediment 
to >105/gram sediment (68). In the same study, the density of methanogens was below the 
limit of detection; however, methanogenesis was detected in the metabolic activity profile 
experiments which used larger sediment samples (68). In a study of the Floridan Aquifer 
near West Palm Beach, Florida, methanogenic bacteria were consistently detected and 
Methanobacterium bryantii was isolated from the deep aquifer (53). In another 
investigation at the Savannah River Plant, nitrifiers were detected in one of three sediment 
cores with population densities rarely exceeding 10 cells/gram sediment (46). Fredrickson 
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et al. detected sulfur-oxidizing bacteria in 60 percent of the sediment samples; however, 
densities did not exceed 30 cells per gram sediment (46). Fredrickson et al. (46) also 
detected bacteria capable of growing autotrophically by oxidizing H2 in approximately one- 
third of all core samples examined from the Savannah River Plant. 
Cave Microbiology 
The cave ecosystem is a unique environment in which to study subsurface and 
ground water microbiology. Caves and underground drainage systems are characteristic of 
karst terrains (137). Karst refers to a topography formed over limestone, dolomite, or 
gypsum and is characterized by sinkholes, caverns, and lack of surface streams (37). It 
has been estimated that approximately 20 percent, or 50,000,000 km^, of the earth's land 
surface could qualify as karst (56, A. Palmer, pers. comm, 1991). Though karst terrain 
represents a significant proportion of land surface, little is known concerning the microbial 
ecology of such environments. Studies into cave ecology have focused on the visible 
fauna, such as beetles (129), cave crickets (31, 58), and fishes (107). Few studies have 
investigated whole communities (11,78,108,109). 
Pearse defines three regions of a large cave as 1) Twilight Region, where there is 
more or less light and temperatures vary, 2) Transition Region, dark with more or less 
variable temperatures, and 3) Troglic Region, dark with little or no variation in 
temperatures (99). Later, Poulson referred to these regions as the twilight zone, the zone 
of complete darkness and variable temperature, and a zone of complete darkness and 
constant temperature, respectively (109). There are no fine lines of demarcation between 
the regions. Cave temperature is typically the mean annual air temperature of the region 
(76, 86). Air temperature in Mammoth Cave fluctuates between 13° and 14° C with a 
relative humidity which, even in drier sections of the cave, is rarely below 80% and is often 
90-100% (11). In nontourist areas of cave ecosystems, bacteria experience the absence of 
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light, low nutrient concentrations, constant temperatures, and a pH that is well-buffered. 
In deeper recesses of large caves, such as Mammoth Cave, air flow from the surface may 
also be greatly reduced (11). Nutrient input into Mammoth Cave by bats is minimal 
primarily because most species of bats in the caves of the central Kentucky karst region use 
them only for overwintering (77). These conditions (low nutrient concentrations, absence 
of light, constant temperature, and a well-buffered pH) may provide selective pressures for 
the presence of particular bacteria (41). 
In his review of cave microbiology, Caumartin notes the presence of iron bacteria, 
sulfur oxidizers, and sulfate reducers in French caves (18). Sulfide oxidizers and sulfate 
reducers are found in virtually all cave systems because there are few caves which are not 
supplied with sulfate (18). Sulfate minerals in the Mammoth Cave system of south central 
Kentucky include, among others, gypsum (CaS04 • 2H20), epsomite (MgS04 • 7H20), 
mirabilite (NaS04 • IOH2O), and celestite (SrS04) (59). The active processes in which 
sulfur oxidizers and sulfate reducers are involved will depend upon the presence or absence 
of oxygen. Within a clay-bearing sediment, where there may be an absence of oxygen, 
sulfate reduction can occur. At the surface of the clay deposit, the presence of oxygen 
leads to the oxidation of sulfide to sulfate (18). 
Some studies have investigated the presence of particular groups or genera of 
bacteria. Fliermans and Schmidt determined the presence of Nitrobacter spp. in Mammoth 
Cave and twenty-one other saltpetre caves in the southeastern United States (40,41). 
Nitrobacteria are chemolithotrophic, oxidizing nitrite to nitrate, and are not affected by the 
low organic carbon concentration of the system. Danielli and Eddington investigated the 
role of bacteria in the precipitation of calcium carbonate (27). Using various media, 
including a simple nutrient broth medium, many different bacterial strains were isolated 
firom speleothems (a term used to indicate stalactites, stalagmites, and other crystalline 
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deposits formed in caves). In bacterial strains associated with carbonate deposition, 
bacterial capsules typically became impregnated with radially arranged calcite needles. 
However, the authors note that 'non-cave' isolates were also capable of carbonate 
deposition; therefore, this physiological characteristic is not unique to cave organisms (27). 
No attempt was made to identify the bacterial strains. In caves, a white unconsolidated 
deposit of carbonate minerals is referred to as moonmilk (137). 
Cox et al. suggest the role of cyanobacteria in the deposition of stalagmites in two 
caves in New South Wales, Australia (26). The stalagmites are unique and referred to as 
subaerial stromatolites by the authors. Stromatolites are structures in which the 
sedimentary material is accumulated by trapping or agglutination of particles from 
suspension on an organic film or by the direct or indirect precipitation of calcium carbonate 
resulting firom microbial metabolism (1). Both caves are natural tunnels with high roofs 
and large openings at both ends (26). Because they are tourist show caves, sunlight 
through the openings and the artificial lighting allows for the presence of cyanobacteria. 
Scrapings from the surface of the stalagmites (stromatolites) revealed predominantiy 
coccoid cyanobacteria which form a copius mucilage sheath; these were identified as 
Gloeocapsa (26). Other cave-dwelling cyanobacteria, Geitleria spp. and Scytonema spp. 
have also been identified (22,23). In a numerical taxonomic study of bacterial cave 
isolates from Ebenezer Cave in eastern Tennessee, Elmendorf (34) presumptively identified 
organisms from saturated clayey sediments and sandy sediments. Bacterial strains from the 
clayey sediments typically belonged to the genus Bacillus. Bacterial strains from the sandy 
sediments included Pseudomonas spp.. Bacillus spp., Actinomyces spp., Streptomyces 
spp., and other Gram-positive, nonsporing rods. Studies have shown that, while cave 
ecosystems do contain bacterial genera typical of other environments (freshwater, marine, 
surface soil, etc.), cave sediments are contain microflora unique to the system (18, 22, 23, 
25, 26, 27, 32, 34, 40, 41, 54, 55, 77). 
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The thennal tolerance of cave bacteria has also been investigated (16, 34, 55). 
Oounot suggests that a physiological study like that concerning thermal tolerance provides 
informarion on the origin and the possible activity of bacteria in situ (55). An obligate 
ps>^:hrophile has a temperature optimum below 20° C (94). Therefore, many temperate 
region caves may contain obligate psychrophiles. However, in a study of temperature 
optima for baaeria isolated from cave-associated cold springs. Brock et al. were unable to 
demonstrate the presence of obligate psychrophiles (16). When organisms which formed 
colonies at 12-13° C were tested for temperature optima, none had a temperature optimum 
near the environmental temperature; all organisms had optima of 25-30° C (16). However, 
the authors note that the terrestrial habitat of caves may be more suitable for the presence of 
obligately psychrophilic bacteria (16). Neariy all bacterial strains isolated from a cave in 
eastern Tennessee were able to grow at 15° C (34). A greater proportion of strains isolated 
from sandy cave sediments than bacterial strains isolated from clayey sediments were able 
to grow at 4° C (61% and approx. 35%, respectively) (34). 
Purpose 
The purpose of this study was to describe the density, diversity, and activity of 
bacteria indigenous to a karstic aquifer. The specific objectives were to: 1) determine the 
density of microbial cells using both direct and viable cell counting techniques, 2) 
determine the in situ respiratory activity of the indigenous microbes, 3) determine the 
bacterial community structure of the indigenous populations, and 4) compare the 
communities indigenous to two similar sites. Mammoth (2ave National Park, Mammoth 
Cave, Kentucky was chosen for a number of reasons. The National Park Service and the 
(3ave Research Foundation are involved with numerous studies at Mammoth Cave National 
Park. Because Mammoth Cave is a National Park, it is highly controlled. Entrance is 
limited to tourists on the 12 miles of tourist trails (of a total 341 mapped miles). National 
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Park Service personnel, and the Cave Research Foundation, a nonprofit group with the 
purpose of furthering research, conservation, and education about caves and karsts. 
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CHAPTER n 
MATERIALS AND METHODS 
Site Characterization 
Mammoth Cave National Park, Mammoth Cave, Kentucky was chosen as a model 
karstic aquifer. Mammoth Cave is located in the west-central Kentucky karst region. The 
cave extends through three rock formations (the St. Louis Limestone, the Ste. Genevieve 
Limestone, and the Girkin Formation) which originated as sedimentary deposits on the 
floor of a shallow ocean that covered the southern portion of North America approximately 
3(X) million years ago (97). There are over 341 miles of mapped cave passage; however 
mapping of newly discovered passages continues (FIGURES 1 and 2; pocket material). 
FIGURE 2, Groundwater Basins in the Mammoth Cave Region, Kentucky, was provided 
with the permission of Dr. James F. Quinlan. Sediment samples from two sites (Olivia’s 
Dome area and Catherine's Dome area) in Mammoth Cave National Park were collected on 
July 5 and 6,1989. Both sites are located approximately 1400 to 1600 meters into the cave 
and are approximately 70 to 100 meters below the surface. The sites are located 
approximately 200 meters apart. At both sites, water percolates down from the cave ceiling 
and collects in the sandy, gravelly deposit below. The flow rate at Olivia's Dome is slow 
while the flow rate at Catherine's Dome is slightly faster. Depth of the water at the time of 
sampling was approximately 3.5 to 5 cm. The sampling sites are located in an area of the 
cave which is rarely flooded (136) and are located in the Echo River ground water basin 
(111, HGURE 2). 
Sample Collection 
The needle end of a 60-cc syringe was aseptically removed using an ethanol/flame- 
sterilized Buck knife while at the sample site. The modified syringe was inserted to a depth 
of approximately 12 cm. After collecting the sediment and water in the modified syringe, 
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the top 3 cm were aseptically removed. Three separate core samples were collected: 1) 
killed control, 2) density and activity determination, and 3) viable cell count determinations. 
Sampling was performed under permit RSP-131 from the National Park Service. 
Microbial Activity Determinations 
The determination of microbial activity, measured as the proportion of respiring 
INT-reducing cells, is a modified method of Webster et al. (133). Directly after sampling, 
two core samples were chosen: one to serve as a killed control and one to determine the 
proportion of the bacterial community actively respiring. The killed control was used to 
determine that the glutaraldehyde solution used to stop metabolic activity in the core 
samples was effective. Two-ml of a 2% (v/v) glutaraldehyde solution was added to 20 cc 
of sediment (this is a 1:10 dilution) with a gentle stirring motion and allowed to incubate for 
30 min prior to staining with 2 ml of a 0.2% (wA^) solution of p-iodonitrotetrazolium violet 
(INT). After the addition of INT, the core sample was incubated undisturbed for 4 hours at 
the sampling site. Following incubation with INT, respiration was stopped with 2 ml of a 
2% (y/w) glutaraldehyde solution. The core sample was then placed in a whirl-pak bag 
(Nasco, Fort Atkinson, WI) and cooler for transportation to the laboratory. Concurrent 
with the killed control, the second core sample was stained with 0.2% (w/v) INT solution 
in a 1:10 dilution (INT solution: sediment) and allowed to incubate undisturbed for 4 hours 
at the sample site. After incubation, the sample was killed, stored, and transported as 
previously described. 
Viable Cell Count Procedure 
Serial dilutions of sediment in 1% (wA^) sodium pyrophosphate buffer (pH 7) were 
plated out in 0.1 ml aliquots onto a sediment extract agar prepared in a similar manner as 
Balkwill and Ghiorse (8) and PTYG agar containing the following ingredients per liter 
distilled water: peptone, 5 g; Trypticase (BBL, Cockeysville, MD), 5 g; yeast extract (Difco 
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Laboratories, Detroit, MI), 10 g; glucose, 10 g; MgS04,0.6 g; CaC12 • 2H20, 0.7 g; 
agar, 15 g. The final pH of the PTYG medium was adjusted to 7.8. (8). The sediment 
extract agar contained the following ingredients per liter, soil extract, 100 ml; distilled 
water, 900 ml; agar, 15 g. The sediment extract was made by autoclaving a 1:1 suspension 
of cave sediment collected from an eariier expedition to the Olivia's Dome area in distilled 
water for 1 hour each day for three consecutive days. The liquid from this extract was 
clarified using vacuum filtration with a No. 5 Whatman filter. The final pH of the sediment 
extract agar was adjusted to the pH of the Olivia's Dome sampling site (7.8). 
The spread plate procedure was performed on site. Plates were allowed to incubate 
in the cave on site for 1 day in plastic sleeves prior to transportation to the lab in an 
insulated cooler. In the laboratory, the plates were incubated at cave ambient temperature 
(12° C). Plate counts on sediment extract agar were determined every 5 to 7 days for a 
period of 4 weeks. Plate counts on PTYG agar were determined every 5 to 7 days for 2 
weeks. After enumeration, plates were used for isolation of bacterial strains and 
subsequent numerical taxonomic analysis. 
Chemistry 
After all samples were taken and prior to leaving the cave, pH, temperature, and 
dissolved oxygen were measured using a portable pH meter with appropriate probes 
attached (Orion Research, Cambridge, MA). Approximately 10 grams of sediment from 
each site was placed in sterile scintillation vials. Metabolic activity was stopped using a 
10% (wA^) mercuric chloride solution. The sediment was stored until total organic carbon 
was determined using the wet combustion method (72). 
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Cell Densities and the Proportion of Actively Respiring Cells 
Total cell and total respiring cell densities were determined using an acridine 
orange/p-iodonitrotetrazolium violet (AO/INT) staining procedure. A modification of the 
acridine orange direct count (AODC) method of Ghiorse and Balkwill (50) and Wilson et 
al. (138) was used with the sediment core samples treated with the INT stain. A 2.5-g 
sample of the subsurface material was mixed in a 125-ml Erienmeyer flask with 22.5 ml 
filter-sterilized pyrophosphate buffer (0.1%, pH 7.0). The mixture was shaken at 160 rpm 
at 25° C for 30 min. After shaking, samples were allowed to settle for 1 min. Nine-ml of 
the supernatant was removed and added to a sterile scintillation vial. One ml of sterile 
media (1% agar) was then added to the scintillation vial and mixed immediately with 
vigorous shaking by hand. Five |il of the sample was then spotted on a microscope slide in 
a 1 cm^ area. Smears were then allowed to air dry for at least 30 min. Dry smears were 
stained with a 0.1% (wA^) acridine orange (AO) solution and allowed to set for 3 min, 
rinsed with distilled water, and blotted dry. Killed controls were included. 
Immediately prior to microscopic observation, a drop of filter-sterilized (0.2 |im) 
distilled water was added to the smear. A glass cover slip was placed over each smear and 
the edges sealed with a melted parafin-petroleum jelly mixture (1:1; v/v). Each slide was 
observed immediately following preparation. To determine the proportion of fluorescent 
cells containing dark red formazan crystals (AO/INT cells), green-fluorescing cells (AO- 
stained) were identified using epifluorescence microscopy with appropriate filters at lOOOx 
magnification using an oil immersion lens. Green-fluorescing cells containing dark red 
formazan crystals (AO/INT-stained cells) were then determined by examining the same 
field using bright-field microscopy. 
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Calculations 
Each core sample, killed control or sample, was split into two subsamples. From 
each subsample, four smears were prepared. Fifty microscopic fields were examined per 
smear. A total of 400 microscopic fields was examined for each core sample. The total cell 
and total respiring cell (AO and AO/INT) densities per wet gram of sediment was 
determined from the mean number of AO and AO/INT stained cells and using the 
appropriate conversion factors for back-calculations. 
Isolation and Characterization of Bacterial Strains 
Bacterial strains were isolated from the viable cell count plates. A total of 260 well- 
isolated colonies were randomly picked and isolated. Over 50 strains were isolated from 
from each treatment: Olivia's Dome/sediment extract agar, Olivia's Dome/PTYG agar, 
Catherine's Dome/sediment extract agar, and Catherine's Dome/PTYG agar. Each isolated 
strain, the operational taxonomic unit (OTU), was subcultured. At least three successive 
isolation streaks of the low-nutrient (sediment extract) isolates onto Mallory’s medium were 
performed. Mallory's medium contained the following ingredients per liter distilled water: 
Trypticase (BBL, Cockeysville, MD), 0.3 g; yeast extract, 0.1 g; glucose, 0.1 g; potassium 
nitrate, 0.1 g; agar, 15 g; final pH 7.8. At least three successive isolation streaks of the 
high-nutrient (PTYG) isolates onto one-half strength PTYG were performed. Purity was 
determined from uniform colonial morphology and microscopic examination. OTUs were 
maintained on a modification of Mallory's medium, which contained the same ingredients 
except the Trypticase concentration was increased to 0.8 g per liter. A total of 23 OTUs 
were lost in the course of this study. 
In addition to the unknown strains, 10 reference cultures were also examined. 
These included 8 provided by Betsy Harris in the Microbiology Department, University of 
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Massachusetts: Alcaligenes faecalis (American Type Culture Collection (ATCC) 8750), 
Bacillus cereus (ATCC \A519\ Bacillus megaterium (ATCC 14581), Escherichia coli K12 
(ATCC 10798), Micrococcus luteus (ATCC 4698), Proteus mirabilis (ATCC 12453), 
Psuedomonas aeruginosa (ATCC 10145), and Staphylococcus aureus (ATCC 27661). 
Also included were Flavobacterium sp. strain S12 (Dr. D. van der Kooij, The Netherlands 
Waterworks' Testing and Research Institute) and Streptomyces badius 252 (Dr. D. L. 
Crawford, University of Idaho, Moscow). 
The OTUs were examined for 117 colonial, morphological, physiological, and 
biochemical characters. Test media were inoculated and incubated at 25° C for 4 weeks 
unless otherwise noted. 10 OTUs were randomly chosen to serve as controls and were 
tested in duplicate. 
Colonial morphology data were recorded following 7 days incubation on modified 
Mallory's medium (containing 0.8 g Trypticase). Selected characters from Colwell and 
Wiebe (21) were used. Motility and cellular morphology were determined from wet mount 
preparations, prepared from 3 to 4-day-old broth cultures incubated at 25® C and examined 
using phase-contrast microscopy. Cell length and width were determined using a phase- 
contrast microscope equipped with stage and ocular micrometers. Gram staining reactions 
of 3 to 4-day-old broth cultures were determined using Rucker's modification of the Gram 
stain (24). Acid fastness of 5-day-old broth culttires was tested using the method described 
by Cowen and Steel (24). A decolorizer of 5% (v/fw) H2SO4 was used (84). Presence of 
endospores was determined by phase-contrast microscopy. 
Physiological and biochemical characters, listed as part of TABLE 3, were tested in 
13 X 100 mm test tubes or 98-well microtiter plates (Coming Laboratory Sciences Co., 
Coming, NY) according to the methods described by Fung and Hartman (49) and D. J. 
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Jayne-Williams (66). A multipoint inoculator was constmcted out of wood and nails for 
rapid inoculation of media-containing microtiter plates from master plates containing cell 
suspensions of OTUs (80). Cell suspensions were made by inoculating 7-day old cultures 
of aquifer isolates and reference strains into 200 ^l1 1% (w/v) sodium pyrophosphate buffer 
(pH 7) using a sterile wooden toothpick for each OTU. The multipoint inoculator was 
autoclaved between each use. 
Growth in the presence of NaCl (2%, 5% and 7% w/v) was tested in NaCl- 
amended modified Mallory's medium. Temperature growth range was determined using 
modified Mallory's medium. Microtiter plates were inoculated and incubated at 4° C, 12^ 
C, 250 C, 300 c, and 37° C for 4 weeks, 3 weeks, 2 weeks, 5 days, and 3 days, 
respectively. Visible growth was scored as a positive result. Growth at pH 5, pH 6, and 
pH 9 was determined using modified Mallory's medium. pH was adjusted using HCl or 
NaOH. Resistance to the following dyes and antibiotic was determined by using 
appropriately amended modified Mallory's medium; 0.00001% malachite green, 0.00001% 
crystal violet (84), and 0.002% penicillin (74), all (w/v). Visible growth was scored as a 
positive result. Tests were read after 3,7,14, and 28 days. 
The presence of oxidase and catalase was determined using 7 to 14-day-old cultures 
from modified Mallory's medium (39). Nitrate and nitrite reduction were determined using 
the method of Finegold and Baron (39) and incubated anaerobically (5% H2,5% CO2, and 
90% N2) in an anaerobic chamber (Coy Laboratory Products, Ann Arbor, MI). The 
production of hydrogen sulfide was determined using SIM medium (Difco Laboratories, 
Detroit, MI). The oxidation and fermentation of glucose was tested using the method of 
Hugh and Liefson (65). Results were read at 1, 3,7, and 14 days. Mixed acid 
fermentation (Methyl Red Test) and acetoin production (Voges-Proskauer Test) were 
determined following 5 days incubation at 25® C (39). The degradation of starch was 
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tested using modified Mallory's medium amended with 1.5% starch (wA^). Starch 
degradation was determined by adding 25 \i\ dilute iodine solution to microtiter wells after 
7 days incubation at 25° C. Clear zones were scored as a positive result. Production of 
urease was determined using the method of Finegold and Baron (39) after 3 days 
incubation. Production of lysine decarboxylase was determined using the method of 
Moeller (93). Tests were read after 3,7,14, and 28 days incubation. Production of 
phenylalanine deaminase was determined using the method of Kolbel-Boelke et al. (74). 
Tests were read by adding 3-4 drops 10% FeCls after heavy growth could be seen on the 
slant. For most isolates this was after 5 days incubation; however, for some isolates, the 
incubation was extended to 10 days. Growth on cetrimide (Difco, Detroit, MI) and growth 
on cetrimide with diffusible yellow pigment were determined after 3,7,14, and 28 days. 
Utilization of sole carbon sources was tested using the method of Stevenson (124). 
Carbon source solutions (20% w/v) were sterilized by passage through a 0.2 [im filter, 
where possible; otherwise, sterilization was performed by heating the solutions to 100^ C 
for 1 hour on 3 consecutive days. Carbon source solutions were then added to sterilized 
Stevenson's medium (124) to a final concentration of 0.2% (w/v). Carbon sources tested 
are listed in TABLE 3. Stevenson's medium minus the carbon source was used as a 
negative control. One-half strength Tryptic Soy Broth (Difco Laboratories, Detroit, MI) 
was used as a positive control. Utilization of the sole carbon source was determined by 
comparison to the negative and positive controls. Visible growth was scored as a positive 
result. Results were read at 3,7,14, and 28 days. 
The characters were coded for computer analysis as follows: "1" for a positive 
result, "0" for a negative result, and "9" for a noncomparable or not applicable test. The 
final matrix contained 247 OTUs and 117 coded characters. 
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Numerical Taxonomic Analysis 
The data were examined using the simple matching coefficient (Ssm) (84,116) and 
the Jaccard coefficient (Sj) (84,112). The Ssm coefficient analyzes the data taking into 
consideration both positive and negative matches. The Sj coefficient considers only 
positive matches and is used to prevent clustering of strains due solely to negative matching 
(121). Clustering of the isolates was achieved using the weighted pair group mathematical 
average algorithim (WPGMA). The program used was written for an Apple Macintosh 
personal computer by Dr. Lawrence Mallory. After computer analysis, a simplified 
dendrogram of the clustered strains and single strains was constructed. 
A presumptive identification of each group was made using volumes 1 and 2 of 
Bergy's Manual of Systematic Bacteriology (75,120) and The Prokaryotes (122). 
Taxonomic Diversity 
Bacterial community diversity was measured using the Shannon-Weaver index (57, 
84, 90,115). The Shannon-Weaver index, referred to as H’, is defined by the equation: 
H'= -Ipi logpi 
where pi represents the number of individuals in a cluster divided by the total number of 
isolates in the study. Equitability (J') was calculated using the formula: 
r= H’/Hmax 
where Hmax is the theoretical maximum value of H* (57, 103,104). Equitability measures 
the proportion of individuals among the groups present and indicates whether there are 
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dominant organisms. The value of T ranges between 0 and 1, with 1 representing maximal 
equitability and no dominant organisms (5,57). 
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CHAPTER m 
RESULTS AND DISCUSSION 
Chemistry 
The data indicate both sites are similar in respect to the abiotic parameters measured 
(TABLE 1). Both sites are typical of oligotrophic, uncontaminated saturated subsurface 
sediments. The concentration of organic carbon may actually be an overestimation (72). 
TABLE 1. Physical and chemical parameters at the two sampling sites at the time 
of sampling 
Variable_Olivia’s Dome Catherine’s Dome 
Temperature 12° C 12° C 
Dissolved oxygen 9.6 mg/1 9.8 mg/1 
pH 7.8 7.6 
Total organic carbon 37 p,g/l 41 |ig/l 
Viable Cell Counts. Cell Densities, and Respiring Cells 
Viable cell counts and direct counts are given in TABLE 2. The data suggest that 
while both sites have similar densities of oligotrophic bacteria, the sample site at 
Catherine's Dome has a higher density of bacterial strains adapted to copiotrophic 
conditions. Bacteria isolated on the high-nutrient medium (PTYG) at Catherine s Dome 
were much more difficult to maintain and a majority of the isolates lost were originally 
isolated on the high-nutrient medium. These observations confirm the observations of 
Horowitz et al. (64) that copiotrophic bacteria are less nutritionally versatile than 
oligotrophic bacteria and may explain the difficulty of maintaining copiotrophs on low- 
nutrient media. 
29 
TABLE 2. Total viable cell counts, direct cell counts, and the proportion of the bacterial 
communitv actively inspiring for sampling sites in Mammoth Cave National Park, July 
19S9 
Viable cell counts Direct cell counts 
Low-nutrient High-nutrient Total cells Respiring cells % 
Site (X 106) (X 106) (X 10®) (X 10®) Respirii^ 
Olivia's 1.0 (0.3) 1.2 (1.3) 3.9 (0.6) 2.2 (0.4) 58% 
Catherine's 1.5 (1.2) 8.1 (3.8) 14.0 (1.9) 7.4 (1.0) 1 53% 
0 parentheses indicate standard deviation 
Total viable counts on copiotrophic and oligotrophic media from Olivia's Dome 
represented 31% and 26%, respectively, of the direct counts. Total viable counts on 
copiotrophic and oligotrophic media from Catherine's Dome represented 58% and 11%, 
respectively, of the direct counts. The high viable cell plate counts are in agreement with 
other studies in which plate counts often exceeded 50% of the AODCs (8, 117). However, 
in the study of Balkwill and Ghiorse (8), plate counts on nutritionally dilute media always 
exceeded those on the nutritionally rich media. Plate counts on the low-nutrient and high- 
nutrient media at Olivia's Dome are essentially the same; however, plate counts on the high- 
nutrient medium are higher than on the low-nutrient medium at Catherine's Dome. Taking 
plate counts and the fastidiousness of the high-nutrient isolates into consideration, the data 
suggest the bacterial population at Catherine's Dome may contain a higher proportion of 
copiotrophic members. Though the total organic carbon data suggest that Catherine's 
Dome is oligotrophic (0.041 mg C/1), organics from the Snowball Dining Room (an 
underground cafeteria) 200-300 meters away, may exert an influence on the ground water 
chemistry, and hence the bacterial population. Another factor which may be contributing to 
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the higher viable cell counts on the high-nutrient medium at Catherine's Dome may be the 
faster flow rate of the water at the sampling site as compared to Olivia's Dome. This 
suggests that there is a shorter residence time (less percolation through the overlying rock) 
for the water, therefore, not only will the amounts and types of available carbon be different 
but this may contribute to higher allocthonous bacterial densities. The introduction of 
allocthonous bacteria into groundwater has serious health issues, particularly in rural areas 
which rely heavily upon septic systems. In a previous study conducted by our laboratory, 
salmonellae were detected at two of three sites in Mammoth Cave (unpubl. data). Because 
Salmonella is an enteric pathogen, its presence indicates a possible health threat The 
presence of Salmonella spp. is likely due to failed septic systems. 
Viable cell counts from this study support the data from other ground water 
investigations suggesting that CFU/AODC ratios are higher in subsurface soils than in 
surface soils, which exhibit CFU/AODC ratios of 0.4-1.7% (96). Total direct counts were 
3.9 X 10^ and 1.4 X 107 for Olivia's and Catherine's Domes, respectively (TABLE 2). 
Bacterial densities in saturated karstic aquifer sediments collected from Mammoth Cave 
National Park, Mammoth Cave, Kentucky are similar to other uncontaminated aquifers (6, 
8,117), particularly those of sandy and gravelly deposits. 
The proportion of actively respiring cells at the time of sampling is high (TABLE 
2); however, recent studies suggest a greater proportion of the ground water microbial 
community may be active than previously thought (8,12,73). Using bacterial respiration 
as an indicator of metabolic activity, the data suggest the bacterial population may exert a 
significant effect on groundwater chemistry (138). Previous studies from our laboratory 
indicate the number of actively respiring cells remains relatively constant over time 
(APPENDIX A). Of the observations over a 16-month period, the number of actively 
respiring cells was the least variable parameter (APPENDIX A). Performance of methods 
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'on site’, thereby avoiding handling and transportation difficulties, may account for the 
high proportion of actively respiring cells. 
Bacterial Characterization 
Percent positive frequency of each of the 117 tests (colonial and cellular 
morphology, physiological, and biochemical) are given in TABLE 3. Cells typically form 
small, circular, raised, white to off-white colonies on solid media. Cells were typically 
nonmotile, short straight rods and coccobacilli having a length of 1.0-2.5 }i.m with rounded 
ends. A substantial proportion of the subsurface isolates exhibited pleomorphism. This is 
characteristic of oligotrophic subsurface environments (8). The increased surface area may 
be important in the utilization of nutrients at very low concentrations (92,105, 106). 
Coded results of the gram-reaction indicate that cells were evenly divided between having a 
Gram-positive and Gram-negative reaction. However, according to cluster analysis, 18 
groups (phena) consisted of Gram-negative and Gram-positive members. This suggests 
that many of the isolates are Gram-variable; Gram-variable bacteria are generally classified 
as Gram-positive organisms. Many environmental bacterial isolates found in soil readily 
decolorize in the Gram-staining process (120). Considering Gram-variable strains as 
Gram-positive, a majority of the bacterial isolates from the two sample sites are Gram¬ 
positive. This supports previous observations of a higher proportion of Gram-positive 
organisms in aquifer material (8,138). Balkwill and Ghiorse were better able to cultivate 
Gram-negative bacteria. However, direct observations using electron microscopy in that 
investigation suggested that Gram-positive bacteria dominated the aquifer microflora, while 
Gram-negative bacteria were in the minority (8). This also suggests that the media 
employed in the present study were successful in recovering the expected dominant (Gram¬ 
positive) bacteria. Endospores were not typically produced by the isolated strains during 
the incubation period prior to wet mount preparation; however, as noted in the cluster 
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analysis, 12 isolates grouped with Bacillus megaterium (the largest group in the analysis 
with 13 members). None of the isolates in the group, apart from the reference strain, 
produced endospores. A staining procedure such as the Shaeffer-Fulton stain for 
determining the presence of endospores may have provided a more reliable indication of the 
presence of endospores in the aquifer isolates. 
Roughly three-quarters of the strains grew on media containing 2% (w/v) NaQ: 
over one-third grew on media containing 5% (wA^) NaCL The ability of many of the 
isolates to grow at these salt concentrations may be an adaptive mechanism to varying salt 
concentrations in limestone rock. Over half of the isolates grew at 4° C, while 96% grew 
at 120 c, 100% at 25° C, 66% at SO® C, and only 21% at 37° C. This smdy did not 
attempt to study psychrophiles; however, the data suggest that most of the bacterial 
populations are low temperature mesophiles. In agreement with Brock et al. (16), 
psychrophiles may be present in the cave sediments as is suggested by the high number of 
isolates which grew at 4° C. However, whether psychrophiles are present in the cave 
sediments could not be determined in this study. As expected, a large proportion of the 
isolates grew at high pH (92% at pH 9). The temperature and pH tolerance data suggest 
that the baaerial populations are indigenous to the subsurface environment and are not 
transient surface organisms. 
Over 90 percent of the strains produce catalase and only one-third produce oxidase. 
One-quarter of the strains were capable of reducing nitrate to nitrite. One-third of all strains 
were capable of fermentative metabolism of glucose. Roughly one-half of the isolates 
showed no acid or base production. The lack of an acid or base reaction may indicate an 
inability of the isolates to utilize glucose; however, 69% of the isolates were capable of 
growth on glucose as a sole carbon and energy source. Because these were environmental 
isolates, it is possible that an incubation period of greater than 14 days may have been 
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needed. A greater proportion of isolates (11%) were capable of utilizing cellulose than was 
expected. In addition, slightly less than one-quarter of the strains were able to grow on 
benzoate (TABLE 3). This may indicate bacterial populations in the subsurface have 
adapted to utilizing more complex substrates not broken down by surface populations. 
Nearly two-thirds of all isolates were capable of utilizing cellobiose as a sole carbon and 
energy source (TABLE 3). Over half of the isolates grew on xylose as a sole carbon and 
energy source and 27% on melezitose. Cellulose, xylose, and melezitose are widely 
distributed in plant materials. The ability of many of the isolates to utilize these compounds 
as sole sources of carbon and energy further suggests the subsurface microbial community 
has adapted to growth on compounds not readily broken down by surface organisms. 
Bacterial strains isolated on the low-nutrient medium showed more nutrient 
flexibility than those isolated on the high-nutrient medium. A greater proportion of the 
bacterial strains isolated on the low-nutrient medium were capable of utilizing 13 (alanine, 
cellobiose, cysteine, fructose, galactose, glucose, lactose, maltose, mannitol, pyruvate, 
sucrose, and xylose) of the 17 carbon sources tested (TABLE 4). A greater proportion of 
the high-nutrient isolates were capable of utilizing cellulose, melezitose, and benzoate as 
sole sources of carbon and energy. An equal proportion (33%) of the low- and high- 
nutrient isolates were capable of utilizing glycogen (TABLE 4). The substrates giving the 
greatest differences (greater than 10%) in utilization patterns were cellobiose, fructose, 
galactose, lactose, mannitol, melezitose, sucrose, and xylose (TABLE 4). Contrary to 
expectation, a greater proportion of the high-nutrient isolates were capable of growth on 
cellulose as a sole carbon and energy source. Populations of r strategists, such as Bacillus 
and Pseudomonas^ tend to utilize readily available concentrations of organic matter. K 
strategists, such as Agrobacterium, Corynebacterium, and other humus-degrading soil 
bacteria tend to utilize recalcitrant and dilute concentrations of organic matter (4, 5). 
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TABLE 4. Carbon source utilization: proportion of low- and high-nutrient 
isolates capable of growth on a compound as sole carbon and energy source 
Carbon Source 
Low- 
Nutrient 
Isolates 
High- 
Nutrient 
Isolates 
alanine 70% 67% 
arabinose 65% 63% 
cellobiose 70% 52% 
cellulose 9% 14% 
cysteine 4% <1% 
fructose 69% 53% 
galactose 58% 29% 
glucose 74% 63% 
glycogen 33% 33% 
lactose 47% 15% 
maltose 66% 56% 
mannitol 63% 45% 
melezitose 22% 34% 
sodium benzoate 22% 29% 
sodium pyruvate 58% 53% 
sucrose 59% 39% 
xylose 60% 43% 
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rninmunitv Characterization 
A total of 200 OTUs and 3 reference strains, representing 84% of the total aquifer 
OTUs, clustered in 52 groups at 80-85% similarity using the SsM coefficient (FIGURE 3). 
Only four of the 52 groups (phena) contained 10 or more strains and accounted for 22% of 
the clustered OTUs. The mean group size was 4 members, with a median group size of 2- 
3 members. Thirty-one phena consisted of 2 or 3 members and accounted for 30% of the 
clustered OTUs. The largest phenon consisted of 12 aquifer isolates and clustered with the 
reference strain B. megaterium. This suggests that the bacterial community in the saturated 
karstic aquifer sediments is highly diverse. A highly diverse bacterial community needs a 
lower amount of energy for maintaining its stmcture and is more flexible in its responses to 
environmental changes (5). Considering gross physical and chemical parameters, the 
subsurface is considered to be a more 'stable* environment than surface soil. The lack of 
dominant strains in the present study, suggests that the bacterial communities in the aquifer 
sediments are not under some environmental 'stress' Environmental 'stresses' tend to 
exert a selective pressure on the bacterial community resulting in the predominance of 
specialized populations (5). 
One-third of the clustered OTUs were exclusively isolated on. the low-nutrient 
(oligotrophic) medium and 18.5% were exclusively isolated on the high-nutrient 
(copiotrophic) medium. Therefore, over half of the clustered strains (two-thirds of the 
phena) were exclusive to the isolation medium (TABLE 5). This is highly significant, 
especially when reviewing the literature which used only high-nutrient media. Of the 237 
aquifer OTUs in this study, 133 (56%) were isolated on the low-nutrient medium. Of the 
133 OTUs, 116 (87%) clustered with other OTUs. Sixty-six of the 116 strains (57%) 
were isolated only on the low-nutrient medium. 16.5% of the clustered OTUs were 
exclusive to Olivia's Dome while one-quarter of the clustered OTUs were exclusive to 
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TABLE 5. Group composition: site and medium of isolation of member strains with 
presumptive identification 
Symbols: OL, Olivia's DomeAow-nutrient; OH, Olivia's Dome/high-nutrient; CL, 
Catherine's DomeAow-nutrient; CH, Catherine's Dome/high-nutrient. 
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Group 
Isolation Site and Medium Reference 
Strain 
Total 
Members 
Presumptive 
Identification OL OH CL CH 
1 • • 4 - • 4 Flavohacterium spp 
2 7 1 2 - - 10 unidentified 
3 •» • 2 - - 2 unidentified 
4 - - 2 - - 2 Alcaligenes spp. 
5 . 3 2 2 - 7 unidentified 
6 - 1 2 - - 3 Corynebacterium spp 
7 . 2 1 7 - 10 Aureohacterium spp. 
8 1 - 5 4 - 10 coryneform 
9 1 • 4 1 - 6 Arthrobacter spp. 
10 • 1 1 - - 2 Brevibacterium spp. 
11 • - 2 - - 2 Actinomyces spp. 
12 • • 6 - - 6 unidentified 
13 - - 2 - - 2 coryneform 
14 • • 2 - - 2 unidentified 
15 • • - 3 - 3 coryneform 
16 1 3 - 4 unidentified 
17 • • 3 - 3 Proteus spp. 
18 5 * 3 - 8 Arthrobacter spp. 
19 2 • 1 - 3 Actinomyces spp. 
20 • 2 • - 2 unidentified 
21 6 - - 6 unidentified 
22 4 4 3 1 1 13 B. megaterium 
23 2 • • - - 2 unidentified 
24 • 6 • 1 - 7 Micrococcus spp. 
25 • 1 1 1 - 3 unidentified 
26 • 1 • 4 > 5 unidentified 
27 • • 1 6 • 7 unidentified 
28 • • • 2 • 2 unidentified 
29 1 • 1 - 2 unidentified 
30 • 1 • 2 - 3 unidentified 
31 • • 2 - 2 unidentified 
32 • 1 2 - - 3 unidentified 
33 • • • 1 1 2 S. aureus 
34 • • 2 - 2 unidentified 
35 1 • 2 1 - 4 Curtobacterium spp. 
36 • • 1 1 - 2 unidentified 
37 2 • - - - 2 Arthrobacter spp. 
38 1 1 • 2 - 4 unidentified 
39 2 • 1 1 • 4 unidentified 
40 2 • • • - 2 unidentified 
41 • • 2 • - 2 unidentified 
42 • • 1 1 • 2 nocaidioform 
43 • • 4 - 4 Chromobacterium spp. 
44 4 • - 4 unidentified 
45 3 • •> 3 unidentified 
46 1 3 1 - 5 unidentified 
47 • 2 - 2 Bacillus spp. 
48 5 • • 5 Bacillus spp. 
49 • 2 - 2 unidentified 
50 2 • - - 2 Mycobacterium spp. 
51 2 • • 2 unidentified 
52 1 - - 1 2 Flavohacterium sp. S12 
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Catherine's Dome. This equates to 42% of the clustered OTUs being exclusive to site 
(TABLE 5). This is in agreement with the findings of Fredrickson et al. who observed 
high div^ersity and heterogeneity in subsurface samples that were separated vertically by 
less than 1 meter (44). Three phena (6% of all aquifer isolates) were tentatively identified 
by clustering with reference strains: Bacillus megaterium with 12 isolated strains. 
Staphylococcus aureus^ with 1 isolated strain, ond Flavobacterium sp. strain S12 with 1 
isolated strain. 
Presumptive Group Identifications 
Characteristics of the clustered OTUs are given in TABLE 6. Presumptive 
identifications were made for 19 of the 52 groups. In addition, general identifications 
(coryneform and nocardioform) were made for 4 phena. A simplified dendrogram was 
constructed which shows both clustered OTUs and single strains (FIGURE 3; pocket 
material). Seven of the 44 single strains are reference strains. Fifty percent of the clustered 
OTUs were unidentified. The presumptive identifications are given in TABLE 5. Three 
phena were presumptively identified on the basis of clustering with a reference strain. 
These were: group 22 {Bacillus megaterium) clustering at 86.6% similarity (Ssm). group 
33 {Staphylococcus aureus) clustering at 85.2% similarity (Ssm)» and group 52 
{Flavobacterium sp. strain S12) clustering at 85% similarity (Ssm)- Only two phena were 
identified to the species level (5. megaterium and S. aureus). The other presumptively 
identified groups were genera typically found in soil and water, such as Arthrobacter, 
Corynebacterium, Curtobacterium, and Actinomyces. Genera not expected to be found in 
the subsurface environment included 5. aureus (typically a clinical isolate) and 
Mycobacterium spp. The Staphylococcus isolate was recovered from the Catherine's 
Dome sampling site on the high-nutrient medium. This, together with the nutritional 
flexibility and viable cell count plate data, suggests that the Catherine's Dome area may be 
enriched in allochthonous bacterial populations. Recovery of isolates, presumptively 
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TABLE 6. Characteristics of clustered OTUs 
Character Group 
1 
Group 
2 
Group 
3 
Group 
4 
Group 
5 
punctiform - - - - - 
circular - (+) +/- - (+) 
rhizoid - - - - - 
irregular + +/- +/- -1- (-) 
scalloped - - - - - 
flat + - - + (-) 
raised - + +/- - +/- 
convex - - - - (-) 
pulvinate - - - - - 
umbonate - - +/- - - 
entire - (+) +/- - 
undulate +/- +/- +/- - - 
lobate +/- - - + - 
erose - - - - - 
pinnate - - - - - 
curled - - - - - 
smooth - + + - + 
wrinkled + - - + - 
transparent + + + + (-) 
glossy - (-) - +/- (+) 
dull-matt + (+) - - - 
waxy - - + +/- (-) 
soft + + + + +/- 
slimy - - - - +/- 
tough - - - - - 
brittle - - - - - 
white - - - - - 
cream - +/- - - + 
tan - - - - - 
yellow - +/- - +/- - 
orange + - - +/- - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
Continued, next page 
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TABLE 6. (cont.) 
Character Group 
1 
Group 
2 
Group 
3 
Group 
4 
Group 
5 
It. orange - -■ - - - 
red - - + - - 
brown - - - - - 
purple - - - - - 
clear - (-) - - - 
gram-pos. - - - - +/- 
gram-variable NCP NCP NCP NCP (-) 
coccoid - (-) - - - 
1.25-2:1 +/- (+) + -1- + 
2-5:1 +/- (-) - - - 
5-7:1 - - - - - 
<1.0 |im - - - - - 
1.0-2.5 ixm + + + + + 
2.6-5.0 |im - - - - - 
branched - - - - - 
unbranched - - - - - 
straight rod (-) (+) + +/- +/- 
curved rod (-) - - - - 
pleomorphic (-) (-) - +/- - 
spiral - - - - - 
coccobacillus (-) (-) - - +/- 
coccus - (-) - - - 
singles + + -1- + + 
pairs - - - - - 
chains - - - - - 
packets - - - - - 
rounded ends + + - +/- + 
tapered ends - - + +/- - 
appendaged - - - - - 
motile (-) (-) - - +/- 
endospores - - - - - 
Symbols: +, 90-100% positive; (-1-),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
Continued, next page 
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TABLE 6. (cont.) 
Character Group 
1 
Group 
2 
Group 
3 
Group 
4 
Group 
5 
terminal NCP NCP NCP NCP NCP 
central nCp nCp nCp nCp nCp 
acid-fast - - - - - 
<1.0 mm - +/- +/- - - 
1.0-2.0 mm (+) +/- +/- +/- +/- 
2.1-3.0 mm (-) (-) - +/- (-) 
3.1-4.0 mm - - - - (-) 
4.1-5.0 mm - - - - - 
alanine (-) (+) - - +/- 
arabinose + + + + +/- 
cellobiose + +/- + + - 
cellulose - (-) - - - 
cysteine - - - - - 
fmctose + + + +/- + 
galactose + + + - 
glucose (-) + - +/- + 
glycogen (-) +/- - - (-) 
lactose - +/- + - - 
maltose +/- (+) +/- - 
mannitol (-) + - +/- (-) 
melezitose (-) +/- - - - 
benzoate (-) +/- - +/- 
pyruvate (-) +/- + - - 
sucrose - (+) - 
xylose +/- (+) +/- 
catalase + + + + + 
oxidase + +/- -f + (+) 
nitrate red. (-) (-) - +/- (-) 
nitrile red. - - - - - 
ferm. glucose - +/- - + + 
ox. glucose (-) - - nCp nCp 
Symbols; +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
Continued, next page 
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TABLE 6. (cont) 
Character Group 
1 
Group 
2 
Group 
3 
Group 
4 
Group 
5 
sulfide prod. - - - - 
l\*sine deC - +/- - - 
methvi red - - - 
V-P - - - - 
urease - - - - 
starch hvdroL + (+) +/- + 
TT—-- + + + + + 
TTC + + + + + 
25C + + + + + 
lirr + (+) + + + 
37 C - (-) +/- - 
2% NaQ - + + - + 
5% NaQ - (-) - - 1-) 
7.5% NaQ - - - - - 
alkaline OF - (-) - NCP NCP 
phenylalanine - - + - - 
cetrimide - (-) - - + 
ceL + yellow - - - - (-) 
naalachite gr. + + + + + 
CTvstal violet (+) + + + + 
penicillin - + + + + 
pH 5 - (+) - - 
pH 6 + + + + + 
pH 9 + + + + + 
SymboU; +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
Continued, next page 
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TABLE 6. (cont.) 
Character Group 
6 
Group 
7 
Group 
8 
Group 
9 
Group 
10 
punctiform - - - - - 
circular -f- + + +/- + 
rhizoid - - - - - 
irregular - - - (-) - 
scalloped - - - +/- - 
flat - (-) - +/- - 
raised + +/- + (-) +/- 
convex - +/- (-) - +/- 
pulvinate - - - - - 
umbonate - - - +/- - 
entire -H + + +/- + 
undulate - - - +/- - 
lobate - - - - - 
erose - - - - - 
pinnate - - - - - 
curled - - - - - 
smooth + + +/- + 
wrinkled - - - +/- - 
transparent +A (-) +/- + - 
glossy +/- +/- +/- +/- - 
dull-matt - (-) +/- - - 
waxy +/- +/- (-) +/- + 
soft + (+) + +/- + 
slimy - +/- (-) +/- - 
tough - - - - - 
brittle - - - - - 
white - - - - - 
cream +/- - -1- +/- +/- 
tan - - - - +/- 
yellow - - - - - 
orange - + - (-) - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
Continued, next page 
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TABLE 6. (cont.) 
Character Group 
6 
Group 
7 
Group 
8 
Group 
9 
Group 
10 
It. orange - - - - - 
red - - - - - 
brown +/- - - - - 
purple - - - - - 
clear - - - +/- - 
gram-pos. + +/- +/- +/- +/- 
gram-variable NCP nCp (-) (-) NCP 
coccoid - - (-) - - 
1.25-2:1 - + + + + 
2-5:1 + (-) - - - 
5-7:1 - - - - - 
<1.0 ixm - (-) - - - 
1.0-2.5 M.m + + + + +/- 
2.6-5.0 M-m - - - - +/- 
branched - - - - - 
unbranched - - - - - 
straight rod +/- (+) - +/- + 
curved rod - - (-) - - 
pleomorphic +/- - +/- - - 
spiral - - - - - 
coccobacillus - (-) +/- +/- - 
coccus - (-) - - 
singles + + + + + 
pairs - - - - - 
chains - - - - - 
packets - - - - - 
rounded ends +/- +/- + + + 
tapered ends - - + +/- - 
appendaged - - - - - 
motile (-) (-) - - +/- 
endospores - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
Continued, next page 
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TABLE 6. (cont.) 
Character Group 
6 
Group 
7 
Group 
8 
Group 
9 
Group 
10 
terminal NCP NCP NCP NCP NCP 
central NCP NCP NCP + NCP 
acid-fast - - - - - 
<1.0 mm +/- (-) - - - 
1.0-2.0 mm - (+) + + +/- 
2.1-3.0 mm +/- (-) - - +/- 
3.1-4.0 mm - - - - - 
4.1-5.0 mm - - - - - 
alanine +/- + + (+) +/- 
arabinose +/- + (+) + + 
cellobiose +/- (+) (+) (+) + 
cellulose - +/- +/- - - 
cysteine - (-) - - - 
fhictose +/- + (-) + + 
galactose - (-) +/- (+) +/- 
glucose +/- + + + + 
glycogen +/- +/- (-) (-) - 
lactose - - (-) 1 +/- + 
maltose +/- (+) (+) + + 
mannitol - (+) - (+) - 
melezitose +/- +/- (-) (-) - 
benzoate + - +/- (-) - 
pyruvate - (+) + (+) - 
sucrose +/- (-) (-) + + 
xylose +/- (+) (+) + + 
catalase + + + + + 
oxidase + +/- + + (+) 
nitrate red. (-) (-) - +/- (-) 
nitrite red. - - - - - 
ferm. glucose - +/- - + + 
ox. glucose (-) - - NCP NCP 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (com.) 
Character Group 
6 
Group 
7 
Group 
8 
Group 
9 
Group 
10 
sulfide prod. - - - (-) - 
lysine deC +/- +/- - - - 
methyl red - +/- (-) - - 
V-P - - - - - 
urease - - (-) - + 
starch hydrol. - - - (-) + 
4C - + +/- (+) (+) + 
12 C + + + + + 
25 C + + + + + 
-H +/- + + + 
ITC - - (-) (-) + 
2% NaCl + + +/- +/- + 
5% NaCl +/- + - +/- - 
7.5% NaCl - - - - - 
alkaline OF NCP NCP +/- NCP NCP 
phenylalanine - - - - - 
cetrimide + + (-) (-) - 
cet. + yellow - - - - - 
malachite gr. + + + + + 
crystal violet + + + + + 
penicillin + + (+) + + 
pH 5 +/- + +/- + +/- 
pH 6 + + + + + 
pir5 + + + + + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
Continued, next page 
51 
TABLE 6. (cont) 
Character Group 
11 
Group 
12 
Group 
13 
Group 
14 
Group 
15 
punctiform - - - - - 
circular - - - - -f- 
rhizoid - - - - - 
irregular + (+) - +/- - 
scalloped - (-) +/- - 
flat +/- - - - - 
raised +/- +/- - - +/- 
convex - - - - - 
pulvinate - - - - 
umbonate - +/- + +/- 
entire - - - - 4- 
undulate - (+) + - 
lobate + (-) - - - 
erose - - - - - 
pinnate - - - - - 
curied - - - - - 
smooth + (+) - - +/- 
wrinkled - (-) -1- -k- +/- 
transparent - +/- + -1- - 
glossy - - - +/- 
dull-matt + - - +/- - 
waxy - - + +/- +/- 
soft + (+) + -1- +/- 
slimy - (-) - - +/- 
tough - - - - - 
brittle - - - - - 
white - - - +/- - 
cream + + +/- +/- + 
tan - - - - - 
yellow - - - - - 
orange - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group Group Group Group Group 
11 12 13 14 15 
iL orange - - - - - 
red - - - - - 
brown - - - - - 
purple - - - - - 
clear - - +/- - - 
gram-pos. +/- +/- - - +/- 
gram-variable NCP FTCp nCp FJCp nCp 
coccoid - - - - - 
1.25-2:1 + (+) + +/- 
2-5:1 - (-) - +/- - 
5-7:1 - - - - - 
<1.0 |im - +/- - - - 
1.0-2.5 M-m + +/- + + + 
2.6-5.0 |J.m - - - - - 
branched - - - - - 
unbranched - - - - - 
straight rod + +/- - + - 
curved rod - - - - - 
pleomorphic - - + - +/- 
spiral - - - - - 
coccobacillus - +/- - - +/- 
coccus - - - - - 
singles + + + + 4- 
pairs - - - - - 
chains - - - - - 
packets - - - - - 
rounded ends - + + +/- - 
tapered ends + - - +/- + 
appendaged - - - - - 
motile - - - + - 
endospores - - - - - 
Symbols: +, 90-100% positive; (+)J0-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
11 
Group 
12 
Group 
13 
Group 
14 
Group 
15 
terminal NCP NCP NCP NCP NCP 
central NCP NCP NCP NCP NCP 
acid-fast - - - - - 
<1.0 mm - (-) - - - 
1.0-2.0 mm - (-) + + + 
2.1-3.0 mm +/- +/- - - - 
3.1-4.0 mm +/- +/- - - - 
4.1-5.0 mm - - - - - 
alanine + + + +/- + 
arabinose +/- + + + - 
cellobiose +/- (+) + + +/- 
cellulose - +/- - - - 
cysteine - (+) - - - 
fmctose + + +/- +/- - 
galactose +/- + +/- - - 
glucose + + + - 
glycogen - - - - +/- 
lactose - + +/- - - 
maltose +/- + + + +/- 
mannitol + (+) + + - 
melezitose + (-) - +/- - 
benzoate + + - - + 
pyruvate + +/- - +/- - 
sucrose - +/- + + - 
xylose +/- + + + - 
catalase + + + + 
oxidase - - - +/- - 
nitrate red. - + + + - 
nitrite red. - - - +/- - 
ferm. glucose +/- + + - - 
ox. glucose - nCp NCP - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
11 
Group 
12 
Group 
13 
Group 
14 
Group 
15 
sulfide prod. - - - - - 
lysine deC + + - - - 
methyl red - (+) +/- - - 
V-P - (-) - - - 
urease - (+) - +/- - 
starch hydrol. - - - + - 
4C + + + - 
TTC + + + + + 
25 C + + + + + 
30 C + (+) + + - 
ITC +/- (-) - - - 
2% NaCl + + - + 
5% NaCl - + +/- - - 
7.5% NaCl - - - - - 
alkaline 0-F +/- NCP NCP - +/- 
phenylalanine - - - - - 
cetrimide + - - - - 
cet + yellow - - - - - 
malachite gr. + + + + +/- 
crystal violet + + + + +/- 
penicillin + + + + +/- 
pH 5 + + + - 
pH 6 + + + + + 
pH 9 + + + +/- 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
16 
Group 
17 
Group 
18 
Group 
19 
Group 
20 
punctiform - - - - - 
circular - +/- (-) - + 
rhizoid - - - - - 
irregular (+) +/- (+) -1- - 
scalloped (-) +/- - - - 
flat +/- +/- - +/- - 
raised +/- +/- (+) +/- -1- 
convex - - - - - 
pulvinate - - - - - 
umbonate - +/- (-) - - 
entire - +/- (-) - -1- 
undulate -1- +/- +/- + - 
lobate - +/- (-) - - 
erose - - - - - 
pinnate - - - - - 
curled - - - > - 
smooth (-) +/- -H -H +/- 
wrinkled (+) +/- - - +/- 
transparent -1- -H +/- +/- -H 
glossy - +/- (-) -H - 
dull-matt (-) - (+) - - 
waxy (+) +/- - - 4- 
soft (+) -*■ -h -1- +/- 
slimy (-) - - - +/- 
tough - - - - - 
brittle - - - - - 
white - - - - - 
cream +/- +/- -1- +/- + 
tan - - - - - 
yellow - - - - - 
orange - - - - - 
Symbols: -*-, 90-100% positive; (-i-),70-89% positive; 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (com.) 
Character Group 
16 
Group 
17 
Group 
18 
Group 
19 
Group 
20 
It. orange - - . - - - 
red - - - - - 
brown - - - +/- - 
purple - - - - - 
clear +/- +/- - - - 
gram-pos. (-) - +/- +/- - 
gram-variable NCP NCP NCP NCP NCP 
coccoid - - - - - 
1.25-2:1 + + + + + 
2-5:1 - - - - - 
5-7:1 - - - - - 
<1.0 |im - - - - - 
1.0-2.5 |im + + (+) + + 
2.6-5.0 |im - - (-) - - 
branched - - - - - 
unbranched - - - - - 
straight rod (-) + +/- - - 
curved rod - - - - - 
pleomorphic - - (-) + - 
spiral - - - - - 
coccobacillus (+) - +/- - + 
coccus - - - - - 
singles + + (+) + + 
pairs - - - - - 
chains - - (-) - - 
packets - - - - - 
rounded ends + - + + + 
tapered ends - + - - - 
appendaged - - - - - 
motile +/- - (-) - + 
endospores - - (-) - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; 0-10% positive; NCP, noncomparable. 
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TABLE 6. (coni.) 
Character Group 
16 
Group 
17 
Group 
18 
Group 
19 
Group 
20 
tamiail NCP NCP - NCP NCP 
central NCP + NCP NCP 
acki-t^ - - - - - o
 # 
V
 (-) - (-) - +/- 
1.0-2.0 mm (+) (-) - +/- 
2,1-3.0 mm - - (+) +/- - 
3.1-4.0 mm - - - +/- - 
4.1-5.0 mm - - - - - 
alanine + + (+) +/- + 
arabinose - +/- +/- +/- + 
ccUobiose (-) +/- +/- +/- - 
cellulose - - (-) - - 
c>'steine - - - - - 
fructose +/- + + - +/- 
galactose (-) - (+) +A +/- 
glucose +/- +/- +/- + + 
gl>’co2en - - (-) +/- - 
lactose (-) - + +/- - 
maltose (-) +/- +/- + - 
mannitol (-) + + +/- + 
melezitose - - +/- +/- - 
benzoate (-) + (-) +/- - 
pyruvate (-) - (+) +/- +/- 
sucrose - - (+) + +/- 
xylose - +/- (-) +/- + 
carala.se + + + -H NCP 
oxidase + + +/- - + 
nitrate red. - + (+) + - 
nitrite red. - + +/- - - 
ferm. glucose (+) NCP +/- - + 
ox. glucose - + +/- +/- + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
16 
Group 
17 
Group 
18 
Group 
19 
Group 
20 
sulfide prod. - + - - - 
lysine deC + +/- - - + 
methyl red - - - - - 
V-P - + (+) + - 
urease - + (-) - +/- 
starch hydrol. - - +/- +/- - 
4C + + (+) + + 
12 C + + + + + 
25 C + + + + 
30 C + + (+) + + 
ITT - +/- +/- - + 
2% NaCl + + + + - 
5% NaCl - + +/- - - 
7.5% NaCl - - - - - 
alkaline 0-F - nCp - - NCP 
phenylalanine (-) +/- (-) - - 
cetrimide +/- + (-) - + 
cet + yellow - - - - +/- 
malachite gr. + + + +/- +/- 
crystal violet + + + - + 
penicillin + + +/- - + 
pH 5 + + +/- - + 
plTS + + + + + 
pH 9 + + + + + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
21 
Group 
22 
Group 
23 
Group 
24 
Group 
25 
punctiform - - - - - 
circular - (+) - + + 
rhizoid - - - - - 
irregular +/- - - - 
scalloped +/- (-) - - - 
flat (-) +/- +/- - +/- 
raised (+) +/- +/- +/- +/- 
convex - (-) - +/- - 
pulvinate - - - - - 
umbonate - - - - - 
entire - (+) - + + 
undulate + (-) +/- - - 
lobate - - +/- - - 
erose - - - - - 
pinnate - - - - - 
curled - - - - - 
smooth - (+) +/- + + 
wrinkled + (-) +/- - - 
transparent +/- +/- +/- (-) + 
glossy - +/- +/- - - 
duU-matt + +/- +/- (+) - 
waxy - - - (-) + 
soft + + +/- +/- 
slimy - - - +/- +/- 
tough - - - - - 
brittle - - - (-) - 
white - - - (-) +/- 
cream +/- (+) - - +/- 
tan - - - - - 
yellow - - - (+) +/- 
orange - - + - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; 0-10% positive; NCP, noncomparable. 
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TABLE 6. (com.) 
Character Group 
21 
Group 
22 
Group 
23 
Group 
24 
Group 
25 
It. orange - - - - - 
red - - - - - 
brown - - - - - 
purple - - - - - 
clear +/- (-) - - - 
gram-pos. +/- +/- - (+) +/- 
gram-variable NCP NCP + (-) +/- 
coccoid - (+) + + + 
1.25-2:1 (+) (-) - - - 
2-5:1 (-) - - - - 
5-7:1 - - - - - 
<1.0 tim - +/- - (-) + 
1.0-2.5 iim -1- +/- + (+) - 
2.6-5.0 |im - - - - - 
branched - - - - - 
unbranched - - - - - 
straight rod +/- (-) - - - 
curved rod - - - - - 
pleomorphic (-) - - - - 
spiral - - - - - 
coccobacillus +/- - - - - 
coccus - (+) + + + 
singles + (+) - +/- 
pairs - - - - - 
chains - - - - +/- 
packets - - - - 
rounded ends + + + + + 
tapered ends - - - - - 
appendaged - - - - - 
motile - - - - +/- 
endospores - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
21 
Group 
22 
Group 
23 
Group 
24 
Group 
25 
terminal NCP - NCP NCP NCP 
central NCP + NCP NCP NCP 
acid-fast - - - - - 
<1.0 mm - (-) +/- -H +/- 
1.0-2.0 mm +/- (+) - - - 
2.1-3.0 mm (-) - - - +/- 
3.1-4.0 mm (-) - +/- - - 
4.1-5.0 mm - - - - - 
alanine + + + (+) +/- 
arabinose +/- - (+) + 
cellobiose + + -H (+) + 
cellulose - (-) - - +/- 
cysteine - - - - - 
fructose +/- + (-) +/- 
galactose + - +/- +/- 
glucose + + + (+) +/- 
glycogen (+) (+) -1- (-) +/- 
lactose (+) + + (-) - 
maltose -1- + + (+) +/- 
mannitol (+) + + +/- - 
melezitose (+) +/- +/- (+) +/- 
benzoate - - - (-) - 
pyruvate +/- -1- + (+) + 
sucrose +/- + + + -H 
xylose +/- +/- - (-) + 
catalase (+) + -H + -1- 
oxidase - - - (+) - 
nitrate red. - (-) - - + 
nitrite red. - - - - - 
ferm. glucose - +/- - (-) +/- 
ox. glucose - (-) - - - 
Symbols; +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
21 
Group 
22 
Group 
23 
Group 
24 
Group 
25 
sulfide prod. - - - m 
lysine deC - - - (-) - 
methyl red - - - - 
v.p - - - m m - 
urease +/- - - - 
starch hydrol. + +A - - 
4C - U + m +/- 
TTC + + + + 
13T + + 
1ST! + + + 
ire- - (-) m + 
2% NaCl- + + + 
ITOiCi- +/- +/- m + + 
NaCl - - m +/- 
alkaline OF - - +/- —±1 +/' 
phenylalanine - - m m 
cetnmide - - - (-1 m 
cet. + yellow - - - m 
malachite gr. + + +/- + 
crystal violet (+) + + + 
penicillin - +!■ + 
pH 5 - +/- - +/- 
tiTl- + -f- 
 ■f + + 
Symbols: +, 90-100% positive; (-i-),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont) 
Character Group Group Group Group Group 
26 27 28 29 30 
punctiform - - - - - 
circular + -f- -1- -f- 
rhizoid - - - - - 
irregular - - - - - 
scalloped - - - - - 
flat +/- (-) +/- - +/- 
raised +/- +/- +/- + +/- 
convex (-) (-) - - - 
pulvinate - - - - - 
umbonate - - - - - 
entire -f- -1- -1- + 
undulate - - - - - 
lobate - - - - - 
erose - - - - - 
pinnate - - - - - 
curled - - - - - 
smooth -1- -I- -I- + -1- 
wrinkled - - - - - 
transparent (-) +/- +/- - +/- 
glossy - (+) +/- - - 
dull-matt - - - +/- +/- 
waxy + (-) +/- +/- +/- 
soft +/- (+) +/- +/- 
slimy +/- (-) - +/- +/- 
tough - - - - - 
brittle - - - - - 
white +/- - - - +/- 
cream +/- +/- -1- +/- 
tan - - - - +/- 
yellow - - - - - 
orange - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont) 
Character Group 
26 
Group 
27 
Group 
28 
Group 
29 
Group 
30 
iL orange - - +/- - - 
red - - - - - 
brown - - - - - 
purple - - - - - 
clear - - - - - 
gram-pos. (-) (+) +/- - + 
gram-variable +/- NCP nCp -1- NCP 
coccoid (-) (+) - + + 
1.25-2:1 (+) (-) + - - 
2-5:1 - - - -- - _ - 
5-7:1 - - - - - 
<1.0 pm - - + - +/- 
1.0-2.5 \xm + + - + +/- 
2.6-5.0 pm - - - - - 
branched - - - - - 
unbranched - - - - - 
straight rod - - +/- - - 
curved rod - - - - - 
pleomorphic (+) - - - - 
spiral - - - - - 
coccobaciUus - (-) +/- - - 
coccus (-) (+) - + 
singles + (+) + +/- + 
pairs - - - - - 
chains - - - - - 
packets - (-) - +/- - 
rounded ends + + + + + 
tapaed ends - - - - - 
appendaged - - - - - 
motile - - - - - 
endospores - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
26 
Group 
27 
Group 
28 
Group 
29 
Group 
30 
terminal NCP NCP NCP NCP NCP 
central NCP NCP NCP NCP NCP 
acid-fast - - - - - 
<1.0 mm +/- - - - +/- 
1.0-2.0 mm +/- (+) -H + +/- 
2.1-3.0 mm - (-) - - - 
3.1-4.0 mm - - - - - 
4.1-5.0 mm - - - - - 
alanine +/- 4- + + - 
arabinose +/- (+) + +/- - 
cellobiose + (+) +/- -H - 
cellulose (-) - - - - 
cysteine - - - - - 
fmctose - - + - 
galactose +/- - - - - 
glucose +/- (-) - + - 
glycogen (-) +/- - +/- - 
lactose (-) - - - - 
maltose + + - -1- - 
mannitol + (-) - +/- +/- 
melezitose (+) - - +/- - 
benzoate - (+) - - - 
pyruvate +/- +/- +/- - - 
sucrose +/- (-) - + - 
xylose (-) (+) -1- - - 
catalase + + + + 
oxidase - (-) + - - 
nitrate red. - (-) NCP +/- - 
nitrite red. - - NCP - - 
ferm. glucose - (-) - - - 
ox. glucose - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
26 
Group 
27 
Group 
28 
Group 
29 
Group 
30 
sulfide prod. - - - - - 
lysine deC - - - - - 
methyl red - - - - - 
V-P - - - - - 
urease - - - - - 
starch hydrol. (-) (-) - +/- - 
4C (-) - - - - 
12 C + + + + + 
25 C + + + + + 
30 C +/- (-) - - - 
ItT - (-) - - - 
2% NaCl (+) +/- - +/- - 
5% NaCl +/- (-) - - - 
7.5% NaCl - - - - - 
alkaline 0-F - +/- - - - 
phenylalanine - - - - - 
cetrimide - - - - - 
cet. + yellow - - - - - 
malachite gr. (+) +/- - - - 
crystal violet +/- (+) - +/- - 
penicillin - - - - - 
pH 5 (-) - - - - 
pH 6 +/- +/- - - - 
_ 
+ + - + + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
31 
Group 
32 
Group 
33 
Group 
34 
Group 
35 
punctiform - - - - - 
circular - + + + + 
rhizoid - - - - - 
irregular + - - - - 
scalloped - - - - - 
flat + - - +/- (+) 
raised - + + +/- (-) 
convex - - - - - 
pulvinate - - - - - 
umbonate - - - - - 
entire - -H + + + 
undulate - - - - - 
lobate - - - - - 
erose + - - - - 
pinnate - - - - - 
curled - - - - - 
smooth + + + + + 
wrinkled - - - - - 
transparent + +/- +/- - + 
glossy - +/- +/- - + 
dull-matt - +/- - - - 
waxy + +/- +/- + - 
soft + + + +/- + 
slimy - - - +/- - 
tough - - - - - 
brittle - - - - - 
white - - - - - 
cream - + +/- +/- - 
tan - - - +/- - 
yellow - - - - - 
orange - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (com.) 
Character Group 
31 
Group 
32 
Group 
33 
Group 
34 
Group 
35 
It. orange - - +/- - - 
red - - - - - 
brown - - - - - 
purple - - - - - 
clear -»• - - - (+) 
gram-pos. + +/- +/- +/- (+) 
gram-variable NCP +/- +/- NCP NCP 
coccoid +/- + + +/- - 
1.25-2:1 +/- - - +/- + 
2-5:1 - - - - - 
5-7:1 - - - - - 
<1.0 M,m + - +/- - - 
1.0-2.5 |J,m - + +/- -1- + 
2.6-5.0 |im - - - - - 
branched - - - - - 
unbranched - - - - - 
straight rod - - - +/- (-) 
curved rod - - - - - 
pleomorphic - - - - +/- 
spiral - - - - - 
coccobacillus +/- - - - (-) 
coccus +/- + + +/- - 
singles -1- + +/- + + 
pairs - - +/- - - 
chains - - - - - 
packets - - - - - 
rounded ends + + -1- +/- -1- 
tapered ends - - - +/- - 
appendaged - - - - - 
motile - - - - (-) 
endospores - - - - - 
Symbols: +, 90-100% positive; (-i-),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6, (cont.) 
Character Group 
31 
Group 
32 
Group 
33 
Group 
34 
Group 
35 
terminal NCP NCP NCP NCP NCP 
central NCP NCP NCP NCP NCP 
acid-fast - - - - - 
<1.0 mm +/- - - - (+) 
1.0-2.0 mm +/- +/- +/- +/- - 
2.1-3.0 mm - +/- +/- +/- (-) 
3.1-4.0 mm - - - - - 
4.1-5.0 mm - - - - - 
alanine - - - (+) 
arabinose +/- + - - 
cellobiose - +/- + - - 
cellulose - +/- +/- - - 
cysteine - - - - - 
fructose - +/- + - - 
galactose - - - - - 
glucose - -1- - - - 
glycogen - +/- - - - 
lactose - - - - - 
maltose - - +/- - +/- 
mannitol + - +/- +/- (-) 
melezitose - - + - - 
benzoate - + - - (-) 
pyruvate - + - - (-) 
sucrose - - +/- - (-) 
xylose +/- +/- - - 
catalase + + + + 
oxidase - - - - - 
nitrate red. - - - - (-) 
nitrite red. - - - - - 
ferm. glucose - -1- + - - 
ox. glucose - NCP NCP - +/- 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
31 
Group 
32 
Group 
33 
Group 
34 
Group 
35 
sulfide prod. - - - - - 
lysine deC - - - - - 
methyl red - - - - - 
V-P - - - - - 
urease - +/- - - - 
starch hydrol. - - - - (-) 
4C - - - - - (-) 
ire + + + + + 
25 C + + + + + 
wc - +/- +/- - - 
TTC - +/- - - - 
2% NaCl - +/- + - +/- 
5% NaCl - - + - - 
7.5% NaCl - - - - - 
alkaline OF - + + - +/- 
phenylalanine - - - - - 
cetrimide +/- - - - - 
cet. + yellow - - - - - 
malachite gr. - + - - (-) 
crystal violet - + + - (-) 
penicillin - + - - - 
pH 5 - + - - - 
pH 6 - + + - (+) 
_ 
- + + + + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
36 
Group 
37 
Group 
38 
Group 
39 
Group 
40 
punctiform - - - - - 
circular 4- + -H + - 
rhizoid - - - - - 
iiTCgular - - - - 4- 
scalloped - - - - - 
flat - + 4- - + 
raised - - - + - 
convex - - - - - 
pulvinate - - - - - 
umbonate + - - - - 
entire + - -1- +/- - 
undulate - - - - + 
lobate - - - - ~ 
erose - 4- - +/- - 
pinnate - - - - - 
curled - - - - - 
smooth + 4- 4- 4- + 
wrinkled - - - - - 
transparent -f- + + (-) + 
glossy +/- +/- +/- -1- - 
dull-matt - +/- (-) - + 
waxy +/- - (-) - - 
soft + + -H (-) 4- 
slimy - - - (+) - 
tough - - - - - 
brittle - - - - - 
white - - - - - 
cream 4- - + (+) + 
tan - - - - - 
yellow - - - - - 
orange - - - - - 
Symbols: +, 90-100% positive; (-i-),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
36 
Group 
37 
Group 
38 
Group 
39 
Group 
40 
It. orange - - - - - 
red - - - - - 
brown - + - (-) - 
purple - - - - - 
clear - - - - - 
gram-pos. + + +/- (-) - 
gram-variable NCP NCP NCP + NCP 
coccoid - - - - - 
1.25-2:1 + + + + - 
2-5:1 - - - - + 
5-7:1 - - - - - 
<1.0 M-in - - - - - 
1.0-2.5 [im + + + + +/- 
2.6-5.0 |im - - - - +/- 
branched - - - - - 
unbranched - - - - - 
straight rod - +/- + +/- + 
curved rod - - - (-) - 
pleomorphic - - - - - 
spiral - - - - - 
coccobacillus + +/- - (-) - 
coccus - - - - - 
singles + + (+) + + 
pairs - - - - - 
chains - - (-) - - 
packets - - - - - 
rounded ends + + + + + 
tapered ends - - - - - 
appendaged - ■- - - - 
motile - - (-) - - 
endospores - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
36 
Group 
37 
Group 
38 
Group 
39 
Group 
40 
terminal NCP NCP NCP NCP NCP 
central NCP NCP NCP NCP NCP 
acid-fast - - - - - 
<1.0 mm +/- - + (-) - 
1.0-2.0 mm - + - (-) + 
2.1-3.0 mm +/- - - +/- - 
3.1-4.0 mm - - - - - 
4.1-5.0 mm - - - - - 
alanine +/- -H +/- +/- - 
arabinose +/- - +/- (+) -1- 
cellobiose +/- +/- +/- +/- + 
cellulose +/- - - - - 
cysteine - - - - NCP 
fhictose - +/- +/- +/- NCP 
galactose - + - + NCP 
glucose - + (+) + +/- 
glycogen +/- - - +/- - 
lactose - +/- - - NCP 
maltose - -H (-) + - 
mannitol - -H (-) + NCP 
melezitose - -H (-) (-) NCP 
benzoate - +/- +/- - - 
pyruvate + - - - NCP 
sucrose - + - -1- NCP 
xylose - +/- (-) (-) - 
catalase + + + + + 
oxidase - - - - - 
nitrate red. - - - - - 
nitrite red. - - - - - 
ferm. glucose NCP - +/- +/- - 
ox. glucose NCP - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
36 
Group 
37 
Group 
38 
Group 
39 
Group 
40 
sulfide prod. - - - - - 
lysine deC - - - - - 
methyl red - - - - - 
V-P - - - - - 
urease - - - - - 
starch hydrol. - - - (-) - 
4C - + (-) -1- - 
12 C + + + + + 
25 C + + -H -1- + 
30 C - + (-) (+) +/- 
37 C +/- - - - - 
2% NaCl - -1- +/- + - 
5% NaCl - - - (-) - 
7.5% NaCl - - - - - 
alkaline 0-F + +/- +/- +/- - 
phenylalanine - - - - - 
cetrimide - - (-) - - 
cet. + yellow - - - - - 
malachite gr. - -1- -1- + +/- 
crystal violet +/- +/- (+) + +/- 
penicillin - - +/- - - 
pH 5 - - - (-) - 
pH 6 + + (+) + +/- 
pH 9 + + + + -1- 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
41 
Group 
42 
Group 
43 
Group 
44 
Group 
45 
punctiform - - - - - 
circular - + - - - 
rhizoid - - - - - 
irregular + - + + + 
scalloped - - - - - 
flat - - + (+) +/- 
raised + +/- - - - 
convex - - - - +/- 
pulvinate - - - - - 
umbonate - +/- - (-) - 
entire - + - - - 
undulate +/- - +/- -1- +/- 
lobate +/- - - - - 
erose - - +/- - +/- 
pinnate - - - - - 
curled - - - - - 
smooth +/- + (-) - - 
wrinkled +/- - (+) + + 
transparent - - +/- (+) +/- 
glossy +/- - - - - 
dull-matt - + (-) - +/- 
waxy +/- - (+) + +/- 
soft + - + - - 
slimy - +/- - + + 
tough - +/- - - - 
brittle - - - - - 
white - - - - - 
cream + + - - +/- 
tan - - - + +/- 
yellow - - - - - 
orange - - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
41 
Group 
42 
Group 
43 
Group 
44 
Group 
45 
It. orange - - - - - 
red - - - - - 
brown - - - - - 
purple - - + - - 
clear - - - - - 
gram-pos. +/- + - (-) +/- 
gram-variable NCP -1- - NCP NCP 
coccoid - - - - +/- 
1.25-2:1 + + (+) + - 
2-5:1 - - (-) - +/- 
5-7:1 - - - - - 
<1.0 |im +/- +/- - - - 
1.0-2.5 |im +/- +/- + + + 
2.6-5.0 um - - - - - 
branched - +/- - - - 
unbranched - - - - - 
straight rod - - (+) +/- 
curved rod - - - - - 
pleomorphic - +/- - - - 
spiral - - - - - 
coccobacillus + - - (-) - 
coccus - - - - +/- 
singles +/- -1- -1- + 
pairs - - - - - 
chains - - - - - 
packets +/- - - - - 
rounded ends + 4- (+) (+) + 
tapered ends - - (-) (-) - 
appendaged - - - - - 
motile - - +/- +/- +/- 
endospores - - - - - 
Symbols: +, 90-100% positive; (-h),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group Group Group Group Group 
41 42 43 44 45 
terminal NCP NCP NCP NCP NCP 
central RUp nCp NCP NCP RCP 
acid-fast - - - - - 
<1.0 mm +/- - - - - 
1.0-2.0 mm +/- + (+) (-) +/- 
2.1-3.0 mm - - (-) +/- - 
3.1-4.0 mm - - - (-) - 
4.1-5.0 mm +/- - - - +/- 
alanine + (+) + - 
arabinose 4-/- + (-) +/- 
cellobiose + + (-) - 
cellulose - - - (-) - 
cysteine - - - - - 
fmctose +/- +/- -1- ( + ) +/- 
galactose - - + +/- - 
glucose +/- - (+) +/- + 
glycogen +/- +/- (-) - - 
lactose - - (+) - - 
maltose - (+) (-) - 
mannitol - - + + +/- 
melezitose - - (-) (-) - 
benzoate 4- +/- - - 
pyruvate +/- +/- +/- 
sucrose - - - +/- +/- 
xylose + + +/- +/- 
catalase + + + +/- + 
oxidase - - - + + 
nitrate red. - +/- + - - 
nitrite red. - - + - - 
ferm. glucose + +/- +/- + 
ox. glucose nCp - - - FJCp 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont) 
Character Group 
41 
Group 
42 
Group 
43 
Group 
44 
Group 
45 
sulfide prod. - - - - - 
lysine deC - - - + + 
methyl red - + - - - 
V-P - - - - - 
urease + - - +/- +/- 
starch hydroL - + +/- (-) +/- 
4C - - + + + 
TTC + + + + 
IsT + + + + 
"WC + + + +/- - 
ITT +/- - (-) - - 
2% NaCl + + +/- + + 
5% NaCl - - (-) - +/- 
7.5^0 NaCl - - - - - 
alkaline OF NCP - +/- - NCP 
phenylalanine - - - - - 
cetrimide - - - (+) + 
ceL + yellow - - - - - 
malachite gr. + + + + + 
crystal violet + + + + + 
penicillin + +/- + + + 
pH 5 + +/- + + + 
pH 6 '+ + + + + 
pH 9 + + + + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
46 
Group 
47 
Group 
48 
Group 
49 
Group 
50 
punctiform - - - - 
circular +/- - - + - 
rhizoid - + - - + 
irregular +/- - (+) - - 
scalloped (-) - (-) - - 
flat (-) + + - - 
raised (-) - - - + 
convex (-) - - -1- - 
pulvinate - - - - - 
umbonate +/- - - - - 
entire - - - + - 
undulate (-) - +/- - - 
lobate (-) - +/- - - 
erose +/- - - - - 
pinnate - -1- - - + 
curled - - - - - 
smooth - - +/- + - 
wrinkled + + +/- - + 
transparent (+) - +/- - - 
glossy +/- - +/- + - 
dull-matt +/- +/- - + 
waxy (-) - - - - 
soft + - + - 
slimy - -H - - - 
tough - - - - - 
brittle - - - - + 
white - - - - + 
cream - + + + - 
tan +/- - - - - 
yellow - - - - - 
orange (-) - - - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (com.) 
Character Group 
46 
Group 
47 
Group 
48 
Group 
49 
Group 
50 
It. orange - - - - - 
red - - - - - 
brown - - - - - 
purple - - - - - 
clear +/- - - - - 
gram-pos. (-) + +/- - +/- 
gram-variable (+) nCp (-) NCP NCP 
coccoid - - - - - 
1.25-2:1 + + (-) 4- +/- 
2-5:1 - - +/- - +/- 
5-7:1 - - +/- - - 
<1.0 ixm - - - - - 
1.0-2.5 |i.m + - (-) + +/- 
2.6-5.0 M,m - + (+) - +/- 
branched - - - » - 
unbranched - - - - - 
straight rod +/- + + + 
curved rod - - - - - 
pleomorphic +/- - - - - 
spiral - - - - - 
coccobacillus - - - - - 
coccus - - - - - 
singles -1- + + + + 
pairs - - - - - 
chains - - - - - 
packets - - - - - 
rounded ends + + + +/- + 
tapered ends - - - +/- - 
appendaged - - - - - 
motile (-) - - - - 
endospores - + +/- - +/- 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
46 
Group 
47 
Group 
48 
Group 
49 
Group 
50 
terminal NCP - - NCP + 
central NCP + + NCP - 
acid-fast - - - - + 
<1.0 mm - - - - - 
1.0-2.0 mm +/- - (-) + + 
2.1-3.0 mm (-) - +/- - - 
3.1-4.0 mm (-) + (-) - - 
4.1-5.0 mm - - (-) - - 
alanine -H - - +/- +/- 
arabinose (-) + + + + 
cellobiose (-) + + + - 
cellulose - - - - - 
cysteine - - - - - 
fructose (+) +/- +/- +/ + 
galactose (-) +/- + + + 
glucose +/- + + + + 
glycogen - -1- + +/- + 
lactose - +/- (+) + + 
maltose - + + + +/- 
mannitol (+) +/- + + + 
melezitose - +/- +/- + - 
benzoate +/- - - - +/- 
pyruvate (+) +/- - +/- + 
sucrose +/- +/- + + + 
xylose +/- + + + +/- 
catalase + -f- + + + 
oxidase +/- + - +/- - 
nitrate red. - + - +/- + 
nitrite red. - - - - - 
ferm. glucose + + + + - 
ox. glucose NCP NCP NCP NCP - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
46 
Group 
47 
Group 
48 
Group 
49 
Group 
50 
sulfide prod. - - - - - 
lysine deC +/- +/- - - - 
methyl red (-) +/- + +/- - 
V-P - +/- - - - 
urease - - +/- - +/- 
starch hydrol. - - + - +/- 
4C +/- - - + + 
TTC + + + + + 
25 C + + + + + 
30 C +/- + +/- + +/- 
37 C (-) + (-) - - 
2% NaCl + +/- +/- + 
5% NaCl + - +/- - - 
7.5% NaCl - - - - - 
alkaline OF NCP NCP - NCP - 
phenylalanine - - - - - 
cetrimide (+) - - - - 
cet. + yellow - - - - - 
malacliite gr. (+) + (-) +/- + 
crystal violet + + +/- +/- -1- 
penicillin (+) + (-) +/- - 
pH 5 +/- + +/- - +/- 
pH 6 (+) + +/- +/- -h 
__ + + +/- +/- -1- 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
51 
Group 
52 
punctiform - - 
circular + + 
rhizoid - - 
irregular - - 
scalloped - - 
flat - + 
raised + - 
convex - - 
pulvinate - - 
umbonate - - 
entire + + 
undulate - - 
lobate - - 
erose - - 
pinnate - - 
curled - - 
smooth + 
wrinkled - - 
transparent + +/- 
glossy + + 
dull-matt - - 
waxy - - 
soft +/- + 
slimy +/- - 
tough - - 
brittle - - 
white - - 
cream + - 
tan - - 
yellow - - 
orange - + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
51 
Group 
52 
iL orange - - 
red - - 
brown - - 
purple - - 
clear - - 
gram-pos. - - 
gram-variable NCP NCP 
coccoid + +/- 
1.25-2:1 - +/- 
2-5:1 - - 
5-7:1 - - 
<1.0 lim +/- - 
1.0-2.5 iim +/- + 
2.6-5.0 M-m - - 
branched - - 
unbranched - - 
straight rod - +/- 
curved rod - - 
pleomorphic - +/- 
spiral - - 
coccobaciUus - - 
coccus + - 
singles + 
pairs - - 
chains - - 
packets - - 
rounded ends + + 
tapered ends - - 
appendaged - - 
motile - - 
endospores - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (cont.) 
Character Group 
51 
Group 
52 
terminal NCP NCP 
central NCP NCP 
acid-fast - - 
<1.0 mm - - 
1.0-2.0 mm +/- + 
2.1-3.0 mm +/- - 
3.1-4.0 mm - - 
4.1-5.0 mm - - 
alanine +/- - 
arabinose - - 
cellobiose -1- +/- 
cellulose - +/- 
cysteine - - 
fmctose + +/- 
galactose + +/- 
glucose +/- +/- 
glycogen +/- - 
lactose -1- +/- 
maltose +/- +/- 
mannitol + - 
melezitose +/- - 
benzoate - - 
pyruvate +/- - 
sucrose + + 
xylose - +/- 
catalase +/- -1- 
oxidase +/- - 
nitrate red. +/- + 
nitrite red. - +/- 
ferm. glucose - - 
ox. glucose - - 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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TABLE 6. (com.) 
Character Group 
51 
Group 
52 
sulfide prod. - - 
lysine deC - - 
methyl red - - 
V-P - - 
urease +/- - 
starch hydrol. + + 
4C + + 
TTC + + 
25 C + + 
30 C - +/- 
37 C - - 
2% NaCl + +/- 
5% NaCl + - 
7.5% NaCl - - 
alkaline 0-F - - 
phenylalanine - - 
cetrimide - - 
cet + yellow - - 
malachite gr. + + 
crystal violet + + 
penicillin + - 
pH 5 - - 
pH 6 + + 
Ml_ + + 
Symbols: +, 90-100% positive; (+),70-89% positive; +/-, 30-69% positive; (-), 11-29% 
positive; -, 0-10% positive; NCP, noncomparable. 
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identified as Staphylococcus aureus and Mycobacterium spp., which are normally 
associated with human infections suggests that further research into the factors which allow 
the occurrence and survival of human pathogens in aquifers is needed. 
Twelve isolates in phenon 22 clustered with the reference strain Bacillus 
megaterium using the Ssm and Sj coefficients. However, ten of the twelve isolates were 
described as large coccoid cells. The blunted ends of the cells may have confused the 
interpretation of the cellular morphology. B. megaterium appeared as a very short fat rod 
under microscopic examination. Only the reference strain produced endospores; however, 
the combined factors of slower growth of the environmental isolates and the young cultures 
used for wet mount preparations, may have caused the lack of endospores in the cave 
isolates. It is also suggested that the low nutrient concentration of the broth used to grow 
the cultures may have been stressful for the reference strain while the cave isolates have 
adapted to the low nutrient conditions and are less likely to have produced endospores in 
the short incubation period prior to preparing the wet mounts. Had the wet mount 
preparations been of older cultures, it is possible that endospores would have been 
produced. Members of this phenon were isolated on low- and high-nutrient media from 
both sampling sites. Interestingly, 8 of the 12 isolates were isolated from the Olivia's 
Dome sampling site with no medium specificity (4 members each on the two types of 
media). 
In addition to the isolate which clustered with Flavobacterium sp. strain SI2, group 
1, composed of 4 members, was also presumptively identified as Flavobacterium sp. The 
four members of group 1 were isolated at the Catherine's Dome sampling site on the low- 
nutrient mediuHL Flavobacterium spp. are typically found in soil and water under 
oligotrophic conditions. The reference strain Flavobacterium sp strain S12 was originally 
isolated from tap water (130). 
88 
Groups 25 through 31 and 38 through 41 were unidentified; however, they may be 
classified as irregular, nonsporing. Gram-positive rods (69). This is a diverse taxon which 
have been grouped together for practical, systematics purposes only (69). Distinguishing 
between the genera often requires chemical analysis of ceU wall material or end products of 
metabolism. Many of the bacteria are Gram-positive but may be readily decolorized and are 
often found in soil (69,122). Many of the isolates from these groups grew at pH 9 and 
elevated NaQ concentrations. 
An Actinomyces sp. was also found (group 19). Actinomyces spp. are widely 
distributed in soil and water and are often isolated from low-nutrient media. In 
environments where the pH is high, the proportion of actinomycetes to other bacteria may 
be quite high (3). However, actinomycete densities decrease under saturating conditions 
(3). The saturated conditions of the karstic sediments sampled may account for relatively 
low proportion of actinomycetes. The three members of group 19 (presumptively 
identified as Actinomyces spp.) were isolated on the low-nutrient medium, one from 
Catherine's Dome and two from Olivia's Dome. Other bacteria similar to actinomycetes are 
the mycobacteria, nocardioform bacteria, and coryneform bacteria. These were also found 
in the karstic aquifer sediments. The nocardioform group and mycobacterium-like group 
were composed of only two members each. More tests are needed to confidently identify 
these two groups. The mycobacteria were presumptively identified primarily due to a 
positive acid-fast reaction and colonial morphology. Coryneform bacteria (also grouped 
with the irregular, nonsporing, Gram-p)Ositive rods) were more numerous than the 
nocardioform or mycobacterium-like isolates, making up 9% of the clustered OTUs. Thus, 
the irregular, nonsporing. Gram-positive rods, together with the similar nocardioform and 
mycobacterium-like isolates accounted for 30% of the clustered OTUs. Similar results 
were reported by Elmendorf (34) for saturated cave sediments in eastern Tennessee. 
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It is significant that none of the aquifer isolates clustered with the Gram-negative 
reference strains other than the Flavobacterium sp. strain SI2. Pseudomonads were 
expected, given their ubiquitous nature. Members of group 5 (a relatively large group with 
7 members) exhibited characteristics similar to Pseudomonas spp.; however, variable 
results made it difficult to identify the group as such. Therefore, while pseudomonads may 
be present in the saturated sediments sampled, the data are inconclusive. Other isolates 
with a Gram-negative reaction which were presumptively identified include Flavobacterium 
spp. Alcaligenes spp. and Chromobacteriwn spp. Members of group 17 exhibited 
physiological and biochemical characteristics (i.e., production of hydrogen sulfide, etc.) 
which suggest they are similar to Proteus spp.; however, motility was not observed. 
Using the Ssm coefficient, group 17 and the Proteus spp. reference strain are 80% similar. 
However, analysis using the Sj coefficient indicates that group 17 and the Proteus spp. 
reference strain are less than 50% similar. This indicates that much of the similarity 
between the three members of group 17 and the reference strain is due to negative matches. 
Bacterial Community Diversity 
Using the Shannon-Weaver index (57, 84, 90, 115), the bacterial community 
diversity of the karstic aquifer sediments is relatively high. The Shannon-Weaver index is 
1.46. It is difficult to compare this value to that of other studies into bacterial community 
diversity due to differing sample sizes, which affects the maximal H' value. Assuming that 
2 groups were recovered in this study (one group of 1 and one group of 236) the minimal 
value of H' would be 0.12. Conversely, assuming there were 237 groups recovered, each 
containing one member, the maximal H' value would be 2.36. Diversity indices are of 
more value when determining microbial community response to stress over time, such as 
increasing pollutant concentrations, or lowering pH (5, 57). The Equitability index (J') 
value for the bacterial community in the aquifer sediments is 0.62. Equitability values are 
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comparable between studies. The Equitability value in the present investigation indicates 
there are no dominant strains in the karstic aquifer sediments sampled. The J' value of 
0.62 is similar to the values obtained for bacterial communities in Gulf of Alaska surface 
waters and sediments (57). The T values for sediment-associated bacterial communities in 
that study ranged from 0.(X) to 0.99, with a mean value of 0.71 (57). While it is difficult to 
infer the response of the karstic aquifer microbial community to stress from a single index 
value, the Shannon-Weaver index value of 1.46 and the Equitability index value of 0.62 
together suggest that the microbial community in the aquifer sediments is not subjected to 
significant stresses (such as might be seen from the influx of agricultural chemicals or the 
introduction of domestic wastes). Environmental 'stresses' tend to exert a selective 
pressure on the bacterial community resulting in the predominance of specialized 
populations. 
Conclusions 
Viable cell counts on the low-nutrient medium from Olivia's Dome and Catherine's 
Dome in Mammoth Cave National Park are 1.0 X 10^ and 1.5 X 10^ cells per wet gram of 
sediment, respectively. Viable cells counts on the high-nutrient medium from Olivia's 
Dome and Catherine's Dome are 1.2 X 10^ and 8.1 X 10^ cells per wet gram of sediment, 
respectively. Acridine orange direct counts (AODCs) for Olivia's Dome and Catherine's 
Dome are 3.9 X 10^ and 1.4 X 10^ cells per wet gram of sediment, respectively. The data 
suggest saturated karstic aquifer sediments from the two sites in Mammoth Cave National 
park are similar to other uncontaminated aquifers. The number of actively respiring cells is 
2.2 X 10^ and 7.4 X 10^ cells per wet gram for Olivia's Dome and Catherine's Dome, 
respectively. The proportion of the bacterial community actively respiring at the time of 
sampling at Olivia's Dome and Catherine's Dome is 58% and 53%, respectively. This is 
higher than previously reported. Because methods used to measure the number of actively 
respiring cells were performed at the sample sites, the lack of transportation and handling 
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difficulties may account for the high proportion of active cells, thus giving a more accurate 
picture of the in situ baaerial capabilities. The two sites in Mammoth Cave National Park 
contain the presumptively identified genera Flavobacterium, Alcaligenes, Corynebacterium, 
Aureobacterium, Arthrobacter, Brevibacteriunt, Actinomyces, Proteus, Bacillus, 
Micrococcus, Staphylococcus, Chromobacterium, and Mycobacterium. Nocardioform 
bacteria were also recovered. Other than a minority of isolates, members of the saturated 
karstic aquifer sediment bacterial community are similar to other subsurface bacterial 
communities. The bacterial communities show site variation. The genera Flavobacterium, 
Corynebacterium, Aureobacterium, Arthrobacter, Brevibacterium, Actinomyces, Bacillus, 
Micrococcus, and Curtobacterium were recovered from both sites. The genera Alcaligenes, 
Staphylococcus, and Chromobacterium were recovered only from the Catherine's Dome 
sampling site. Mycobacterium was the only genus isolated solely from the Olivia's Dome 
sampling site; it was isolated on the low-nutrient medium. Staphylococcus was the only 
presumptively identified genus isolated solely on the high-nutrient medium; the isolate was 
identified as Staphylococcus aureus due to clustering with a reference strain at the 85.2% 
similarity level (Ssm)- Fifty percent of the clustered OTUs were unidentified. The 
Shannon-Weaver index (IT) value of 1.46 indicates the karstic aquifer sediments sampled 
contain a diverse bacterial community. Together with a visual observation of the simplified 
dendrogram, the Equitability index (T) value of 0.62 indicates that karstic aquifer 
sediments contain no dominant strains. 
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APPENDIX A 
VIABLE CELL PLATE COUNTS, TOTAL DIRECT COUNTS, RESPIRING 
CELLS, AND THE PROPORTION OF THE BACTERIAL COMMUNITY 
ACTIVELY RESPIRING ON DATES PRIOR TO 
SAMPLING IN JULY 1989 
Plate 
Counts 
(X 106) 
Total 
Cells 
(X 106) 
Respiring 
Cells 
(X 106) 
% 
Respiring 
April 1988 0.37 a 4.7 (2.2) 3.9 (1.8) 84.1 
May 1988 0.36 b 16.2 (3.4) 9.8 (3.0) SIO 
July 1988 51.0 >> 9.4 (3.8) 6.1 (2.4) 65.2 
October 1988 14.0 M 4.6 (1.8) 2.4 (1.0) 51.3 
February 
1989 
7.8 3.9 (1.0) 2.5 (0.7) 62.3 
Symbols: a, Mallory's medium; b, modified Mallory's medium (reduced carbon 
concentration); c, sediment extract medium; d, extended 6-month incubation in cave; 
parentheses () indicate standard deviation. 
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APPENDIX B 
DNAse ACTIVITY AND GROWTH AND FERMENTATION ON 
MANNITOL SALT AGAR PLATES FOR SELECTED ISOLATES 
FROM LOW- AND HIGH-NUTRIENT MEDIA AT OLIVIA'S DOME AND 
CATHERINE'S DOME 
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Isolate DNAse 
Medium 
Mannitol Salt 
Growth 1 DNAse Growth 1 Fermentation 
A1 - - - - 
A3 + + - - 
A8 + - + - 
A12 • - - - 
A16 + - - - 
A18 - - - - 
A20 + - + - 
A21 + - - - 
A28 + - - - 
A29 + - - - 
A31 + - - - 
A36 + - - - 
A52 + - + - 
B6 + - - - 
B9 + - + - 
B16 + - - - 
B22 + - - - 
B31 + - - - 
B32 + - + - 
B35 + - - - 
B41 + - - - 
B45 + - - - 
B46 - - - 
Symbols: A, Olivia's Dome, low-nutrient; B, Olivia's Dome, high-nutrient; C, 
Catherine's Dome, low-nutrient; D, Catherine's Dome, high-nutrient; ND, not done. 
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Isolate DNAse 
Medium 
Mannitol Salt 
Growth 1 DNAse Growth 1 Fermentation 
C3 - - - - 
C19 - - - - 
C25 - - - - 
C39 + - - - 
C43 + - - - 
C47 + - - - 
C52 + + ND ND 
C55 + - ND ND 
C59 + - ND ND 
C60 + - ND ND 
C61 + - ND ND 
C63 + - ND ND 
C67 + - ND ND 
D7 - - ND ND 
D9 + - ND ND 
D12 + - ND ND 
D24 - - ND ND 
D42 + - ND ND 
D44 + - ND ND 
D46 + - ND ND 
D49 - - ND ND 
D50 + - ND ND 
D51 + - ND ND 
D54 - - ND ND 
D56 + - ND ND 
D57 + - ND ND 
Symbols: A, Olivia's Dome, low-nutrient; B, Olivia's Dome, high-nutrient; C, 
Catherine's Dome, low-nutrient; D, Catherine's Dome, high-nutrient; ND, not done. 
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